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INTRODUCTION 


(a) During the last century it was discovered that the geometry of 
Euclid, which ruled supreme for 2000 years, is not the only true geom- 
etry and that it is possible to invent mathematically non-Euclidean 
spaces having any number of dimensions whose properties differ from 
those of our three-dimensional physical space. For the study of these 
new types of spaces a new mathematical discipline slowly evolved, 
which was shaped into a tool by Ricci and Levi-Civita. This tool is 
usually known today by the name “tensor analysis.” 

Great impetus was given to the application of this new mathemati- 
cal tool to the study of physical problems by the advent of the theory 
of relativity in which Einstein showed that our physical universe itself 
is neither three-dimensional nor Euclidean. As tensor analysis became 
better known among physicists, it was employed with increasing fre- 
quency in the study of classical dynamical problems such as hydro- 
dynamics, electromagnetic theory, elasticity, and lately in quantum 
dynamics. Since many engineering problems by the very nature of 
the variables used are inherently neither three-dimensional nor Eucli- 
dean, there is a need for an engineering tool that utilizes any number 
of variables in the most systematic manner. The application of ten- 
sorial methods to the solution of engineering problems arises from this 
need. 

(b) The subject matter of this volume presents a new method of 
approach to the analysis and synthesis of networks that are most fre- 
quently encountered by the electrical engineer in his daily work. The 
method of approach is so formulated that it might serve as a first step 
to the systematic analysis and synthesis of rotating electrical machin- 
ery on the one hand and of transmission networks on the other. The 
latter in turn will serve as a second step in the study of radiation and of 
electronic phenomena from the point of view of the electrical engineer. 

Analytical investigators usually build up a different, highly special- 
ized method of reasoning for each particular field of electrical engineer- 
ing in which they happen to be interested. As a result their work is 
usually a closed book to engineers specializing in other fields. It is 
hardly necessary to point out that the language, the terminology, and 
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the methods of reasoning of engineers specializing in synchronous 
machines, for instance, are utterly different from those specializing in 
multiwinding transformers or in vacuum tubes. Any information 
acquired in the study, say, of induction motors is of little use to the 
engineer in his attempt to study, say, the motion of an electric charge 
in a magnetic field. 

In order to carry along the unified point of view throughout the 
range of interest of the engineer from network to field problems, from 
rectangular to curvilinear axes and from stationary to accelerated 
systems so that knowledge gained in one field of engineering might be 
useful also in an apparently different field of engineering, the writer 
abandons the beaten track followed by other writers both in the 
analytical tool used and in the method of reasoning followed. (Of course, 
the results arrived at are in all respects the same as those of other 
writers when the same assumptions are made in investigating the same 
problem.) 

The analytical tool used in the quest for a unified point of view of 
the large variety of engineering structures is the same that is employed 
by physicists in their quest for a unified point of view of classical, rel- 
ativistic, and quantum physics, namely ‘‘tensor and spinor analysis” 
(also known as the “absolute differential calculus”). The method of 
reasoning employed for the engineering work also follows as closely as 
possible that of modcrn theoretical physics, namely, the geometrical 
reasoning of a branch of geometry called ‘differential geometry.” 

However, for engineering work it was found necessary to augment 
the concepts of differential geometry with the concepts of another 
branch of geometry, called “topology”’ or ‘‘analysis situs,” that hith- 
erto has not generally been employed in the study of physical phe- 
nomena. It was also necessary for engineering work to forge the con- 
cepts borrowed from these two apparently different fields into a single 
engineering tool. This fusion has been accomplished with the aid of 
tensorial methods. 

It is emphasized that this book is not written by a mathematician 
and is not written for mathematicians. This book is written by an 
engineer for engineers who are interested in learning an organized 
method of attack to analyze and synthetize electrical networks. The 
method of tensor analysis is still a rapidly growing structure, and con- 
sequently there still exists among its exponents disagreement on nota- 
tion and nomenclature so that a student has difficulty in deciding for 
himself what to take and what to leave for his own special purpose. 
The definitions and physical interpretations of all concepts are given 
here in a language that is thought to be best suited to the requirements 
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of the engineer who confronts such method of attack for the first time. 
This volume makes no pretense of possessing absolute mathematical 
rigor. Anyone interested in precise mathematical or geometrical defi- 
nitions is referred to books given in the bibliography and written by 
mathematicians or mathematical physicists specializing in these fields. 
The aim of this volume is to get definite answers to definite engineering 
problems, the mathematical concepts serving only as an aid. 

(c) The keynote of this volume 1s ‘‘organization.”’ It undertakes the 
organization of the large variety of networks according to their basic 
properties and expected functions. By organization they become 
obedient to the command of the engineer as an army of well-disciplined 
soldiers responds to the control of the commanding general. This 
organization 1s realized by the introduction of ‘‘ groups of transforma- 
tions’’ that control the unfolding of the analysis as the several ranks of 
officers direct the movements of the privates. 

Several aspects of the method of organization to be introduced here 
are not new to the electrical engineer. The shorthand procedure of 
denoting a collection of numbers by one symbol is used by the engineer 
whenever he solves a set of linear equations with the aid of determinants 
or manipulates them with the aid of matrices. Denoting the complex 
number r + jx by one symbol Z is an analogous organization. Such 
shorthand procedures have been used in electrical engineering inter- 
mittently since the days of Kirchhoff. Lately Strecker and Feldt- 
keller and their followers have used systematically matrices with two 
rows and columns in the analysis of four-terminal networks; and Cauer 
and his followers have used matrices in their synthesis. 

A further step in organization consists of denoting by a single sym- 
bol not a collection of numbers, but a plysical entity actually existing 
in nature. Vector analysis, used by the electrical engineer since Max- 
well, is such a type of organization. Since a physical ent'!:7 may be 
measured from an infinite number of reference frames, each measure- 
ment giving a collection of numbers, a single symbol now represents an 
infinite number of collections instead of one. Vector analysis represents, 
however, a very limited type of organization, since it represents only 
physical entities existing in a three-dimensional Euclidean space. The 
concept of a “group of transformation” is also implied in vector 
analysis, relating the components of each physical entity along the 
various reference frames of a three-dimensional Euclidean space. 

A still more advanced type of organization that is useful in physical 
problems requiring generalized coordinates employs new types of 
spaces, having more than three dimensions and having more compli- 
cated structures than a Euclidean space. These new types of spaces 
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are populated by new types of physical (or geometrical) entities, each 
denoted by a separate symbol. These spaces and the entities existing 
in them are created with the aid of ‘groups of transformations”’ so that 
in general there are as many basic types of spaces as there are “groups 
of transformations.” The structure of the basic spaces depends on 
the type of entities that exist in them. 

Tensor analysis is the systematic study of these generalized spaces 
and of the entities that may exist in them. From this point of view 
tensor analysis may be considered as an extension and generalization of 
vector analysts from three- to n-dimensional spaces and from Euclidean to 
non-Euclidean spaces. Of course, it is possible to disregard the geo- 
metrical picture entirely and to consider tensor analysis as the study of 
advanced types of mathematical entities. 

These new types of spaces differ radically from the conventional 
Euclidean space; hence in their study the usual intuitive concepts of 
space must be discarded. The primitive definitions of vector analysis, 
as, for instance, ‘‘a vector is a quantity having magnitude and direc- 
tion,’’ have to be abandoned, as must also all other preconceived geo- 
metrical notions and definitions such as ‘‘magnitude,” ‘‘direction,”’ 
“parallelism.”’ In studying tensor analysis the definition and manip- 
ulation of geometrical or physical entities have to be approached anew 
from the very foundations. 

The organization does not stop at this point. The n-dimensional 
' spaces can be generalized to infinite-dimensional spaces. Also instead 
of using only four- five-, that is integer-dimensional spaces, it is possible 
to use %- or 4.375- or 1-dimensional spaces having all types of com- 
plicated structures. These spaces are used in the study of the more 
basic electrodynamical phenomena. 

The Analytical Tool. (a) As befits a really powerful tool, various 
people see various advantages in the use of tensors, depending on their 
individual outlook and on their fields of endeavor. In applying tensors 
to the analysis and synthesis of the large variety of interrelated prob- 
lems that confront the engineer, the following reflections may throw 
light on certain aspects of the tool that fit 1t to engineering application. 

The use of tensor analysis in the solution of engineering problems 
may be compared to the use of a steel frame in erecting a skyscraper. 
Now, it is possible, at least theoretically, to erect a skyscraper a hun- 
dred stories high by simply placing brick upon brick on top of one 
another. History does record one such construction undertaken in 
the city of Babel, but it clouds in mystery the success of that pioneer- 
ing enterprise. 

Whatever advantages the use of steel frames offers for the construction 
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of buildings, analogous advantages are offered by the use of tensor and 
‘Spinorjanalysis in the solution of engineering problems. The founda- 
“tions occupy less space, the erection of the building is speeded up, and 
it can stand more violent shocks from the vicissitudes of the elements. 
The engineer dares to design and build new types of structures—for 
new as well as for old uses—that he would not attempt had he no steel 
frames at his disposal. When the steel frame has been erected, it is 
possible to put in the bricks only on the sixtieth story and to furnish 
that particular floor alone, leaving the lower fifty-nine stories uncom- 
pleted, a feat that would be impossible without the steel frame. Simi- 
lar unfinished steps may be left in the analysis of engineering prob- 
lems where only the needed part may be investigated in detail. It is 
not necessary to carry in each particular problem the group of equa- 
tions page after page, keeping their physical analysis in mind at the 
same time; all that may be left in a crude state in the form of a few 
symbols that act as the needed framework supporting the detailed 
parts. At any time it is possible to add additional floors to the 
already finished building or subtract any part and change it according 
to the new needs without disturbing the remaining structure. 

In addition to allowing the engineer to build skyscrapers, the use 
of a steel frame allows the engineer to fabricate buildings by mass pro- 
duction. The same steel frame may be used for a great variety of 
buildings by arranging the brickwork and the partitions according to 
the taste and needs of the various tenants. Similarly it is found that 
it is possible to set up in the language of tensor analysis equations 
analogous to a steel frame that represent the performance or character- 
istics of a large variety of networks or rotating machines or trans- 
mission systems. Once these tensor equations have been established, 
it is possible to find the equations of performance or characteristics of 
any one particular network or machine or transmission system by a 
routine substitution of particular constants. 

(6) This versatility of tensors enables the engineer in the study of, 
say, a large variety of rotating machines to select one whose structure 
is quite simple and to study the properties and equations of this par- 
ticular simple machine only. If the engineer, with the aid of tensor 
concepts, learns the method of analysis and the physical phenomena 
taking place in this particular machine, he learns at the same time the 
physics, the method of analysis and solution of a large vartety of machtnes, 
without learning a new trick for each particular machine as is necessary 
with other methods of attack given in all textbooks on machinery. 

These two particular characteristics of the tensorial reasoning, 
namely: (1) the ability to introduce analytical skyscrapers and (2) the 
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ability to introduce mass production into the analysis and synthesis of 
engineering problems, are emphasized in this volume. The first charac- 
teristic of the method of tensors enables the engineer to attack and 
solve problems that he otherwise would not be inclined to attack 
because of the mechanical difficulties or could not attack because of 
the difficulties in visualizing the physics of the problem. The second 
characteristic enables the engineer to utilize the reasonings and results 
of one problem in the solution of many other problems, by storing 
away whole or partial results of one investigation in the form of ten- 
sors and expanding or combining them again in various manners in 
several new investigations. 

This temporary storage and reutilization of the results of previous 
investigations is analogous to the storage of standardized parts, like 
the frames and laminations and shafts and bearings of rotating 
machines, in the stockroom, and their immediate recombination into 
complete machines with various specifications as the orders come in, 
without building each part of the machine anew when ordered. With 
the method of tensor analysis at his disposal the engineer can combine 
analogously his tensors that he built up previously and stored away 
into the new tensors needed, without repeating the whole analysis each 
time a new problem comes up. 

(c) Just as architects using steel frames, similarly engineers using 
tensors, must keep in mind that once the steel frame has been erected, 
it is still necessary to put in the brickwork and to furnish the finished 
building and to find tenants. There are a certain number of windows 
and doors, partitions and stairs that have to be installed, whether or 
not the steel frame is used. Of course, mass-production methods can 
also be used in supplying these additional fixtures. Similarly in any 
engineering problem there are an absolute minimum number of addi- 
tions, multiplications, divisions, finding of roots, etc., that cannot be 
avoided by any organized method of attack. Of course the steel frame 
facilitates the more systematic use of calculating machines and it 
enables the engineer to delegate a large part of his work to 
computers. 

Also it must be kept in mind that it would rarely be good engineer- 
ing to use a steel frame in constructing a one-car garage. Nov general 
rule can be given to determine the lower limit for the use of a steel 
frame, or for the use of tensors. 

(d) A very important advantage in erecting a steel frame first in 
the study of physical phenomena is that the same steel frame—the same 
tensor equation—s valid for several different types of physical phenomena. 
Most of the tensor equations of hydrodynamics, or electrodynamics, 
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or optics, or elasticity, all have the same form; they differ from one 
another only by the brickwork and the furnishings. The tensor equa- 
tion of any accelerated electrical machine is identical with the tensor 
equation of an accelerated electric charge viewed from any curvilinear 
reference frame, and the passage from any rotating machine to any 
other machine or from one frame to any other frame involves only a 
routine transformation. 

The number of the type of girders used 1n the steel frame of nature—the 
number of tensors—ts quite limited. The discovery of a new type of 
tensor or spinor existing in a physical phenomenon is analogous 
to the discovery of a new building-block in the structure of the 
atom. 

This volume is an introduction to the theory and use of analytical 
steel frames in engineering. It deals with the simplest type of frame- 
work using only straight girders that have to be erected in organizing 
the sets of linear, algebraic equations that occur in the study of asym- 
metrical, active networks having lumped constants. As bricks it uses 
only additions, multiplications, and divisions. Differentiations (with 
their curved steel girders) are introduced only occasionally to establish 
points of contact with the differential equations to be organized in 
another volume, but those sections may be left out without disturbing 
the development. 

The Method of Reasoning. (a) To those who are interested in 
how the method of reasoning used in two such divergent branches of 
abstract geometries as ‘‘topology”’ and ‘‘differential geometry”’ can be 
used in the analysis of practical engineering problems, the following 
remarks may be of some value. 

Roughly speaking, ‘‘differential geometry” studies certain special 
properties of curves and other configurations drawn in flat or curved 
two-, three-, or more dimensional spaces. The main point of interest 
is the study of those properties of curves that are independent of the 
reference frames that happened to be assumed in the space. Tensor 
analysis serves as a powerful analytical tool in such studies where the 
reference frames are varied. 

“Topology” deals with more general properties of curves drawn 
in a set of interconnected n-dimensional spaces. Such an intercon- 
nected structure is, for instance, the surface of a cube in which six two- 
dimensional planes, twelve one-dimensional lines, and eight zero- 
dimensional points are interconnected into one system. In the gen- 
eral case each of the spaces may be quite distorted. Here it is also 
possible to assume on the same structure various reference frames for 
the study of curves drawn, say upon the cube. 
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(6) Now the types of problems allowed by the freedom of selecting the 
reference frames arbitrarily on the same complicated structure of 
spaces (that is covered in most textbooks and publications) are not suffi- 
ciently general to be of real value to the engineer. This is perhaps the 
main reason why the method of these sciences has not been applied 
as yet to engineering. This lack of generality may be seen from the 
following considerations. 

The engineer deals with a collection of zero-, one-, two-, and three- 
dimensional structures interconnected in innumerable ways. For 
instance, a transmission system contains two-, one-, and zero-dimen- 
sional structures in the form of rotating machines, transmission lines, 
and the junctions between the lines and machines. Similarly a bridge 
contains an assembly of piers, plates, girders, and their junctions; or 
a reciprocating engine contains among other things pistons, crank- 
shafts, rods, and bearings. The superposition of electromagnetic 
phenomena upon the whole transmission system (or the superposition 
of stresses upon the bridge or motion upon the engine) is analogous to 
superimposing curves upon the interconnected spaces of various 
dimensions. Hence the properties and equations of the superimposed 
curves are identical to those of the superimposed electrical or mechanical 
phenomena, and the results of one investigation can be applied with a 
simple reinterpretation of symbols to the others. 

However, the engineer changes the reference frame on some par- 
ticular structure only occasionally. What the engineer does most 
often is to combine the component one-, two-, and three-dimen- 
sional structures in all imaginable manners to build a large variety of 
new structures on which he again superimposes the same type of 
forces. And the engineer 1s interested chiefly in finding out how this 
large variety of new structures responds to applied forces in order to 
select the most suitable structure to accomplish some desired ends and not 
how one structure appears from various points of view. 

(c) This more general problem of the engineer appearing in the 
central foreground of this volume may be formulated from a geomet- 
rical point of view as follows: 

Let there be a collection of zero-, one,- two-, and three-dimensional 
spaces. These spaces may be flat, curved, distorted, and so on. Let 
thts collection of spaces be interconnected and interlinked with one another 
tn a large vartety of manners analogously to the large variety of engineering 
structures, and let upon each of these structures certain types of configura- 
tions be drawn (say the shortest line between any two points on the 
structure) analogously to the physical phenomenon superimposed upon 
the engineering structure. 
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Of course, each of these configurations can be expressed in the form 
of an equation, when some arbitrary reference frames are assumed on 
each structure. One of the problems to be investigated 1s to find an easy 
way to establish the equations of the configurations drawn on all the dif- 
ferent types of structures provided the equation of the configuration 
drawn on one particular structure 1s known. Geometrically speaking, 
the problem is to set up a correspondence between the configurations 
drawn upon the different types of structures (or to find the ‘‘group”’ 
of the correspondence). In the language of the engineer the problem 
is to establish in a@ routine manner the equation of performance of all 
the different types of structures, if that of one of the structures is 
known. The structures may contain different number and types of spaces. 

The equations of performance are changed in a routine manner 
with the aid of a group of transformations (to be called the ‘‘connec- 
tion tensor’’) representing the manner of interconnection of the vari- 
ous spaces. By using this method the engineer needs to establish 
from purely physical considerations the equations of only one system 
(the so-called ‘primitive system’’), while the equations of all the other 
systems follow automatically, without starting their study all over 
again. 

In conjunction with this newly developed process of changing over 
from a reference frame on one structure to some arbitrary reference 
frame on another structure, also the customary process of changing 
over from one reference frame to another on the same structure occurs 
quite often as a special case. Of course on each structure it is possi- 
ble to assume numerous actual or hypothetical reference frames. 

(d) This volume undertakes the study of structures in which only 
zero- and one-dimensional spaces are igterconnected. Owing to the 
simplicity of the component spaces not much differential geometry 
enters into the study and most of the concepts are borrowed from 
topology. 

It is interesting to note that the foundations of topology were laid 
originally by Kirchhoff in his investigations of the flow of electricity 
through networks. However, the science of electricity and the science 
of topology soon drifted apart until, after a century of slow separation, 
hardly any traces of one can be found in the other. Of equal interest 
is the fact that both modern tensor analysis and modern differential 
geometry also owe much of their development to the study of the 
motion of an electrified particle in an electromagnetic field, requiring 
a four- or a five-dimensional space with a complicated structure for its 
geometrical analogy. Small wonder that the concepts and methods 
of tensor analysis, topology, and differential geometry, and the science 
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of electricity by their very nature go hand in hand, each influencing 
the other. 

The Point of View. Although most of the applications of tensor 
analysis in theoretical physics pertain to field problems, this volume 
undertakes a new type of application to circuit problems. (The dif- 
ference between field and circuit problems is more or less analogous 
to the difference between problems of differential geometry and those 
of topology.) 

One other point of view assumed here must be especially empha- 
sized. The main purpose of tensor analysis and its application to 
other sciences is usually to establish all-inclusive equations, broad con- 
clusions valid for as many varieties of cases as possible. However, for 
engineering work that point of view is insufficient. In engineering 
work tt ts also necessary to get specific answers to specific problems in the 
shortest possible time. Hence in this volume every effort has been 
made to develop this phase of the tensorial method of attack, which 
of course is implied in tensor analysis but has been neglected by other 
writers owing to their lack of interest in specific problems. Among 
the many textbooks on tensor analysis quoted in the bibliography, 
there are very few which work out even one specific problem with the 
aid of the equations developed in them and for that reason these text- 
books contain only occasionally a set of functions arranged in a row 
or a square or a cube, in which the present book abounds. 

In order to facilitate the solution of speczfic problems several new 
concepts and points of view have been introduced, such, for example, 
as ‘‘primitive’’ systems, reduction formulas, ‘‘compound”’ networks, 
rules for the quick manipulation of sets of numbers, and generalization 
postulates. 

“~ The examples covered in this volume are quite elementary and do not 
represent all the types of network problems that can be attacked by ten- 
sortal methods. This volume hardly scratches the surface of the vast 
possibilities that can be brought into existence by proper “organiza- 
tion”’ introduced into the multitude of methods of attack on engineer- 
ing problems. Filter networks, for instance, which are not even 
touched upon in this volume, though they have been given excellent 
treatment by organized methods, still offer a fertile field for a new 
method of attack with the aid of tensorial concepts. 

~~ There is nothing final about the notation, terminology, and defini- 
tions arrived at in this volume. They should serve only as starting 
points for new departures or as stepping stones for deeper penetration. 
It is strongly felt by the writer that beyond the footpaths cleared in 
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this volume there lies a vast and uncharted territory which awaits 
its explorers. 

Suggestions for Reading. The greater part of this volume may be 
read by anyone who has a knowledge of elementary mathematics and 
some acquaintance with Ohm's and Kirchhoff’s laws. The volume 
has been written with several types of readers in mind. Engineers 
who are interested exclusively in getting a quick and organized answer 
to their problems may leave out several of the chapters and many 
scattered sections that expound geometrical or other not strictly 
engineering viewpoints, such as Chapters VII, VIII, XVII, and 
XVIII. Many of the chapters deal with special engineering subjects 
such as windings, tube-circuits, etc., that may be left out by those 
who are not interested in that particular topic. Such chapters are 
XII, XV, XX, XXI, XXIII. Those who are not interested in engi- 
neering problems, but only in the manner of application of tensorial 
concepts, may read Chapters I-XI, XIII, XIV, XVI-XVIII, and the 
first part of XIX and XXI. Many of the earlier sections that may be 
left out at the first reading (since they are needed only in the more 
advanced work) are denoted by an asterisk. 

This volume covers in detail the subject matter of the first two 
parts of a series of articles running currently in the General Electric 
Review. The serial, of which so far seventeen parts have appeared, 
began in the April, 1935, issue and is entitled “‘The Application of 
Tensors to the Analysis of Rotating Electrical Machinery.”” Some 
of the material from the other parts that are of introductory nature 
are also included and enlarged here. It is hoped that eventually other 
parts of the General Electric Review serial may be published in detail 
as time and opportunity permit. 
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TENSOR ANALYSIS OF NETWORKS 


CHAPTER I 
THE ALGEBRA OF N-WAY MATRICES 


IL A NEED FOR “ORGANIZATION” IN ATTACKING 
ENGINEERING PROBLEMS 


(a) In engineering work a symbol like A may represent different 
types of quantities. Among others the following may be mentioned: 

1. It may represent a constant quantity like A = 5,orA = 3.14159, 
orA = 3+ 4. 

2. It may stand for a variable quantity as A = x, or for a function 
of the variables, as A = cosx,or A = x? + 3x4 4. 

3. It may represent a linear operator as A =d/dt = p, or 
A = p*+ p,or A = 1 = Heaviside unit function, etc. 

In all these cases the single symbol A stands for a single quantity, 
and consequently in all engineering works as many symbols are used in 
general as there are quantities in the problem under consideration. Because 
of the large variety of symbols needed to represent even simple types 
of engineering structures and the mental discipline necessary to keep 
the role of each symbol in memory throughout the whole analysis, a 
need arises for an analytical tool that dispenses with the large variety 
of symbols and keeps only an absolute minimum number throughout 
the analysis of the engineering problem.., 

(b) The problems of the engineer are fundamentally the same as 
those of the physicist; both express physical phenomena in mathe- 
matical symbols. Generally speaking, the physicist endeavors to 
reduce natural phenomena to their simplest possible form, usually 
expressible by a few, mostly one equation, introducing only as many 
mathematical symbols as there are corresponding physical concepts. 
That is, the physicist sets up an equation for, say, the conduction of 
electricity between two electrodes, or for an electromagnetic wave 
traveling along a single conductor, or for the electromotive force gen- 
erated in a single conductor moving in a magnetic field, or for the 
passage of light through a lens, etc. Once the equation for the 
phenomenon is set up, the physicist’s role has ended. 

This is where the engineer’s role begins. The engineer takes a two- 
electrode tube and adds several additional electrodes; and for good 


2 THE ALGEBRA OF N-WAY MATRICES 


measure he connects them to different types of networks; or he builds 
transmission networks covering whole continents; or he takes several 
moving conductors and constructs a large variety of complex rotating 
electrical machines; or he combines a series of lenses into an optical 
instrument, and so on. 

That is, the engineer generalizes the one-, two-, or three-dimenstonal 
problem of the physictst to k dimensions. And that is where his diff- 
culty originates. It is recognized that the engineer introduces no 
additional physical phenomena in his systems, but he introduces 
additional interrelations between the various components in such a 
way that the complications increase with an increase in the number of 
components. Most engineering problems require not discovery of 
new laws, but ingenuity in organizing interrelated phenomena, whose 
laws are already known for each component part of the system con- 
sidered separately. For instance, the law of motion of a conductor 
through a magnetic field is known, and combining several conductors 
into a rotating electrical machine requires only an organized method of 
analysis and not discovery of new laws. The law valid for the motion 
of the single conductor must necessarily be valid also for the motion 
of any complicated network consisting of any number of conductors. 
The problem is how to express this fact in practical calculations. 

In order to organize the large variety of engineering problems 
into the absolute minimum number of standardized types in which the 
physicist has expressed them, it is necessary to introduce new points 
of view, new symbols, new mental and physical concepts. What ts 
needed for the unified point of view its not additional mathematics, but 
'* organization "' of the already employed mathematics. 


UW. SETS 

In order to manipulate the large number of quantities that occur in 
engineering problems the first logical step im organization consists of 
allowing the single symbol A to represent not one quantity (number, 
function, linear operator, etc.; as shown above, but a whole set of quan- 
tities that play analogous physical roles. For instance, A may represent 
all the currents, 7°, 2°, 4°, 44 --- flowing in all the meshes of a network 
instead of representing just one of the currents. 

Accordingly the single symbol A may represent the following 
‘* sets ’’ of quantities: 

1. A set of & quantities, a, b, c, arranged in a row, called “‘one 
dimensional set ’’ or “ one-way set ”’ as 


A=mial b cl adlelf 1.1 


n-WAY MATRICES 3 


2. A set of k? quantities arranged in a square, called ‘‘ two-dimen- 
sional set ” or ‘‘ two-way set ” as 


1.2 


3. A set of k* quantities arranged in a cube, called ‘‘ three- 
dimensional set ’’ or “‘ three-way set "’ as shown in Fig. 1.1. 


Fic. 1.1.—A Three-way Set 


In general these sets are called ‘‘ n-way sets.” 


lf. n-WAY MATRICES 


(a) In order that the final answer should be the same, irrespective 
of whether the original large number of quantities are used in the: 
analysis or the symbols representing them, 7 ts necessary to manipulate 
these sets of vartous dimensions, that ts, to add them, multiply, differentiate, 
integrate them, etc. 

It is possible to devise all types of rules for the manipulation of 
sets, depending on the problem at hand. In physical and geometrical 
problems a particular type of manipulation has been found quite useful 
that will be given here. When a set of quantities obeys the particular 
rules of mantpulation to be shown presently, the set is called an ‘‘ n-way 
matrix "’ or an ‘‘ n-dimenstonal matrix "’ or shortly an “ n-matrix.”’ 

(b) In order to add, multiply, etc., m-way matrices of various 
dimensions with ease, 1” these pages a distinguishing mark or index will 
be attached to each row and column or layer of an n-matrix as shown in the 
following: 

1. Examples of one-way matrices, or 1-matrices, are 

@ b c d e f g h $ 


A=| 7 1{-9|o/o}]2/7]| 8 ~3 
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a b c d e f 


p-[2+3/| 0 [4-7] 83 | 3 | +3 | 


a 6c def g h##t gj ek tom 


1.3 
a b 
D=| xy +3x*cosy | 1 — y(2x — 3/7) 
a b ¢ d e f 


E= 3 +4) 0 | sin 9 | —tan 6 s | cose 


A 1-matrix is also called a ‘‘ linear matr+x.” 


The components may be real or complex numbers or any other 
types of quantities. The number & of the components may be any- 
thing from two to infinity. 

When the number of components is infinite, special methods have 
to be used, and consequently they will not be touched upon in this 
treatise. 

2. Example of two-way matrices or 2-matrices are: 


sin 0} cos 6 


—cos 6} sin 6 


0 0 


A two-way matrix is also called shortly a ‘* matrix.” 
2-Matrices in which the components are arranged in a rectangle 
instead of a square also occur. 
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Two important matrices are: 
1. The “' unit-matrix “ containing unity in its main diagonal com- 
ponents and zero elsewhere, as 


1.5 


It is also called the ‘‘ Kronecker’s delta ”’ and is.denoted by 6. 
2. The ‘ null-matrix " containing zero in all components as 


1.6 


3. Example of a three-way matrix or 3-matrix with 47 = 64 com- 
ponents is the cube of Fig. 1.2a. 

On paper the components of a 3-matrix may be represented by 
splitting it into k 2-matrices, each containing k*? quantities since 


Reo =kXk* (Fig. 1.20). 
There are three possible 
ways of splitting a 3-matrix 
into 2-matrices. 

The representation of 
m-matrices of more than 
three dimensions is’ shown 
later. A single quantity 
like 5 may be called a 
“‘zero-dimensional matrix” 
or ‘ zero-way matrix "’ or 
“* 0-matrix.’’ 


Fic. 1.2.—Splitting of a 3-Matrix into a Set of 
k 2-Matrices 


It is emphasized that the indices or marks shown outside the heavy 
lines do not belong to the n-matrices. Surictly speaking, they should 
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not have been introduced at this point. They are introduced here 
only in anticipation of further developments in Chapter ITI. 


Iv. A PHYSICAL EXAMPLE FOR THE OCCURRENCE OF n-MATRICES 


(a) For instance, let four stationary coils a, 8, c, and d be given 
with mutual inductance between them, as shown in Fig. 1.3. The 
self-impedance of winding @ 


aia —ts wig te is Zaz, the mutual inductance 

Co sora (1 Co between winding 6 and ¢ is Ze, 
etc. 

Fic. 1.3.—A Network with a igi The instantaneous voltages 


impressed upon each of them 
can be arranged in a row forming a 1-matrix 
a be«¢« 4d 


ea 1.7 


é= &e 


The instantaneous currents flowing in each of them can be also 
arranged in a row forming another 1-matrix 


ab c¢« 4d 


1.8 


The self- and mutual impedance between the coils can be arranged 
in a square forming a 2-matrix 


1.9 


The diagonal components are the self-impedances; the others the 
mutual inductances. 

(6) Instead of saying that there are four voltages ¢,, &, ¢ and ég 
impressed on the network containing sixteen impedances and four 
currents, from now on it will be said that one voltage e is impressed 
on the network, whose impedance is z and in which one current ¢ flows. 

That is, with any stationary network containing any number of 
impedances at least three concepts may be associated, which define 
their performance: 

1. The voltage matrix ¢ representing all the impressed voltages. 
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2. The current matrix 2 representing all the currents flowing in the 
various coils. 

3. The impedance matrix z representing all the self- and mutual 
impedances of the various coils. 

With the simplest d-c. circuit containing one resistance also three 
concepts are associated, e, 2, and z. 

If the coils move or another point of view is introduced, these three 
concepts are insufficient to represent their performance and additional 
n-matrices have to be defined. 


V. NOTATION 


(a) Two types of notation will be used throughout this book to 
represent n-matrices: 

‘* Direct notation,” in which each n-matrix is represented by one 
symbol, called the base letter, irrespective of its number of dimensions. 
It is customary to print these symbols in boli-face type as e, i, z, to 
differentiate them from ordinary letters e, 2, z representing one quan- 
tity. In writing, a bar may be placed over them as 6,1, z. Of course, 
if it is certain that no misunderstanding may arise, the bold-face type 
or the bars may be dispensed with. 

“Index notation,” in which each n-matrix again is represented by 
one symbol A, the base letter, but in addition indices are also attached 
to it, representing the dimensions in which its components are arranged. 
In particular: 

1. A 1-matrix has one index, as A. 

2. A 2-matrix has two indices, as A ag. 

3. A 3-matrix has three indices, as A agy. 

4. A 0-matrix has no index, as A. 


Fic. 1.4.—The Arrangement of Indices 


In general, the base letter A, representing the m-matrix, has as many 
indices as the numberof dimensionsin whichits componentsare arranged. 

(b) It will be agreed that, in representing an n-matrix by several 
indices as A agy, in general (Fig. 1.4): 
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1. The first index represents the rows. 

2. The second index represents the columns. 

3. The third index represents the layers, parallel to the plane of 
the paper. 

However, as long as the indices are correctly attached to the 
arrows, the order of representation, that is, whether the first index is a 
row or a column, is not important. 


VI. “FIXED” AND ‘ VARIABLE” INDICES 


(a) Just as every coil in Fig. 1.3 has a definite name a, b, c, and d 
attached to it in order to handle the coils zndividually, similarly every 
row, every column, and every layer in an m-matrix has a distinctive 
name attached to it, as has been shown. These individual names 
are called ‘‘fxed’’ indices and are written alongside the row, column, 
and layer. 

In order to handle all the coils collectively, in addition to the 
“fixed ” indices a, 6, c, d --+ another set of indices is also introduced in 
the index notation that represent all the fixed indices. Such collective 
names are called “ variable’’ indices and will be denoted, say, by 
Greek letters a, 8, y--:. That 1s, the variable index a assumes all fixed 
values a, b, c, d +++ tn succession as do similarly Bory. For instance, 
A, represents all the components of the 1-matrix A, while A, represents 
only one component, namely, the second one in the row. 

For a 2-matrix the two variable indices are placed in the upper 
left-hand corner in their proper place alongside a slant line, as shown 
in Fig. 1.4. For a 3-matrix three arrows are drawn along the three 
edges at the cube, then alongside each arrow a variable index is placed 
as shown in Fig. 1.4. 

(b) When all the indices are variable, as Aas, then all the compo- 
nents of the n-matrix are represented by it. When, however, one or 
more of the indices are fixed indices, as A-cg or Aaday, then a particular 
row or column or layer has been selected out of the n-matrix, as 
illustrated in Fig. f.5. 

For instance, Aaa, represents a 2-matrix cut out of a 3-matrix. 
The existence of three indices indicates that originally A is a 3-matrix. 
The two variable indices a and y show that a 2-matrix is cut out and 
that this 2-matrix is perpendicular to the plane of the paper (the 
variable indices being the first and the third index). The fixed index 
d shows that the 2-matrix is the last of the four 2-matrices. 

Individual components are represented by giving their fixed indices 
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as A, = 5 or Ay = 7, etc., showing that 7 belongs to row b and 
column d. 


When direct notation is used, then the variable indices are not intro- 
duced. ‘The fixed indices a, b, c, d, however, still do exist and are 
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printed in bold-face type as a, b, c, and d, alongside the components. 
Hence a 1-matrix and a 2-matrix are written respectively as 


showing the fixed indices in bold-face type but the variable indices are 
left out. Partial m-matrices as shown in Fig. 1.5 may be represented 
in direct notation only with special symbolism in each case. 

Hence, generally speaking, the difference between direct and index 
notations consists of omitting the variable indices in direct notation. 
In place of the variable indices, bold-face type is used to differentiate 
them from ordinary quantities. 


VII. REPRESENTATION OF n-MATRICES OF HIGHER DIMENSIONS * 


(a) With the aid of fixed and variable indices a 4-matrix A apys, 
representing k* quantities, can be represented graphically as k cubes 


* This section may be left out at first reading. 
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(since k* = k X k'), if the last variable index is replaced in succession 
by the fixed indices a, b, c, d, as shown in Fig. 1.6. 


Fic. 1.6.—Representation of a 4-Matrix Aasy3 as a Set of & 3-Matrices 


Since each of the cubes can be represented on paper as k 2-matrices, 
A aps can be represented on paper as k? 2-matrices (k* = k? X k?) as 
shown in Fig. 1.7. 


Fic. 1.7.—Representation of a 4-Matrix Aagys as a Set of k® 2-Matrices 


Similarly Aas yse, a 5-matrix, may be represented graphically as 
k? cubes (k5 = k? X k3) as shown in Fig. 1.8. 

On paper it is represented as k* 2-matrices by dividing each cube 
into k 2-matrices. 

In this treatise all n-matrices with n greater than two will be repre- 
sented on paper as being composed of 2-matrices, that 1s, Aapy will be 
represented by k 2-matrices, Aapys by k® 2-matrices, etc. 

(6) Of course an 2-matrix like Aas, may be represented on paper 
not only as k 2-matrices, but also as k? 1-matrices, or as k? 0-matrices, 


REPRESENTATION OF n-MATRICES OF HIGHER DIMENSIONS i11 


by simply writing down in succession the various components until all 
components are covered. 


é 
v 
a>, yay Pa 
a a 8 
a a a 
a ls ls |» 
Ae de bal © 
a2 bec abc a2 bec 
Aagyoa Aapyab Aapyac 
¥ v 
va>. vay. yaa. 
f>] Q é 
3 3 r>) 
b |. |. b 
ac Ae Ae 
abc abc abc 
Aagpyba Aagybb Aagpybc 
v Y. v. 
ee ee Je 
r>) F & 
3 3 3a 
e| |e le li 
ae ae Ge 
2 @bece aoc abc 
——+5 ——+8 ——— 8 
Aapyca Aapyeb Augyec 


Fic. 1.8.—Representation of a 5-Matrix Aagys« as a Set of k? 3-Matrices 


For instance the 3-matrix Aas, can be represented as two 2-matrices 
Aaps and Aas, as shown in Fig. 1.9, 


ee rae 
a b a2 b 
= PL] + fe 
tet} efole 


b 
a b A 
=? 6 oo | = Aaga + Aapb 
Aapy = Aapp 


Fic. 1.9.—Representation of a 3-Matrix A apy as a Set of k 2-Matrices 


i) 
qe 
i] 
H] 


or it can be represented as k? = eight 0-matrices as 


Aa: = 6 
Aw = 1 


A gaa = 3 
Ara = 5 


Awe = 7| Asn = 0 
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The 1-matrix Aa 


~~ a b Cc d 


Aa = cos 6 | sin 8 0 | 1 


may be represented as k = 4 quantities (0-matrices) as 
A,=cos@, A,=sin6, A,-=0, Ag=1 


It often happens that each component of a 1-matrix or a 2-matrix, 
etc., involves such a long expression that they must be represented on 
paper in terms of a set of k or k? quantities. 

In books on tensor analysis each -matrix is represented on paper 
by showing each of its components separately, that is, as a collection of 
Q-matrices. The aim of these books is not to work out numerical 
problems, but to prove some geometrical or physical theorem, hence a 
practical representation of n-matrices is of no importance in them. 
However, in engineering work the solving of numerous problems is of 
prime importance, and the usual representation of m-matrices was 
found to be impractical. 

The method of representation of an n-matrix like Aag, in a cube 
or in & 2-matrices or in &? numbers is a question of taste. The break- 
ing up of -matrices into 2-matrices and representing them so on paper 
was found by experience to be the most practical procedure for quick 
or routine solution of engineering problems. Other forms of repre- 
sentations may also be introduced. However, the method of repre- 
senting m-matrices on paper has nothing to do with the concepts and 
reasonings to be introduced later. 


VIII. MATRIX NOTATION 

(a) The main purpose of this book is to express sets of numbers 
along certain reference axes or circuits that vary from problem to 
problem. Hence, it is absolutely necessary to identify each circuit or 
reference axis by a distinctive name or sign, the so-called ‘ fixed ” 
index. However, n-way matrices are also used extensively in prob- 
lems where they have no connections at all with physical reference 
frames. In such cases the fixed indices become superfluous and may 
be left out, so that, for example, the components of a 2-matrix may be 
written as: 


£2 1.12 


THE MANIPULATION OF n-WAY MATRICES 13 


without giving names to the various rows and columns. As this nota- 
tion is used in matrix analysis, it will be called here the ‘ matrix 
notation.”’ 

To avoid any confusion, the fixed indices representing the various 
reference axes will always be shown in this book, but they may be 
omitted at pleasure wherever no misunderstanding may arise. 

Summarizing, 2-way matrices are represented: 


1. In index notation as Zags. 
2. In direct notation as Z. 
3. In matrix notation as Z or [Z], etc. 


The components of an n-way matrix are represented: 


1. In index notation by showing both variable and fixed indices. 
2. In direct notation by showing only fixed indices. 
3. In matrix notation by showing neither fixed nor variable indices. 


In this book the matrix notation will be used only sparingly. 

(b) It is impossible to draw attention emphatically enough to the 
fact that in the analysis of problems thé reader should not confuse 
“ notation "’ with ‘‘ method of reasoning."’ The mere fact that a set of 
numbers is arranged in a square and is denoted by one symbol 
does not make that square a “ tensor ’’ and it does not make the 
analysis used ‘‘ tensor analysis.” 

The expression “tensor analysis’”’ is used, as will be shown later, 
for a ‘‘method of attack,” a special ‘‘point of view" in the reasoning 
followed in analyzing problems, and it has decidedly nothing whatever 
to do with the notation employed. Leading writers on tensor analysis 
have found the index notation the most convenient for their purpose, 
but it does not follow that one is not allowed to use any other notation 
one’s fancy dictates. Nor does it follow that, if one uses index nota- 
tion, that makes his reasoning ‘‘tensor analysis.”’ 


IX. THE MANIPULATION OF n-WAY MATRICES 


(a) The rules of mantpulation of n-way matrices, namely, their 
addition, multiplication, etc., have been originally so defined that the 
final answer 1s the same as if the ordinary quantities themselves (forming 
their components) had been manipulated in the usual manner. 

No new concepts are involved in these rules of manipulation to be 
shown presently; these empirical rules merely speed up the mechanical 
labor of computation. It is possible to invent still speedier rules, or 
even mechanical devices that perform these manipulations. These 
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rules have been devised to push the mechanical labor into the back- 
ground to make room for the concepts to be introduced. 

(b) The following manipulations will be considered in more or less 
detail: 1. Addition. 2. Multiplication. 3. Division. 4. Differen- 
tiation. 5. Integration. 

In connection with each operation, the equality sign occurs between 
two n-matrices. 

Two m-matrices of the same dimensions are equal if their corre- 
sponding components are equal. For instance, 


a b Cc d 


are equal, that is A = B, since each of their components is equal in 
corresponding order. 


X. ADDITION 


(a) Two n-way matrices of the same dimensions are added together 
by adding corresponding components. 
The sum of two 1-matrices is 


a b Cc d a b a 
a b Cc d a b c od 


As another example 
a b 
2 


Cc 
a 


tl 

3 
nS 

| 
rd 
oN) 
poe 
po 
wi 


The sum of two 2-matrices is 


1.17 


ADDITION 15 


1.18 


(b) Two n-matrices of different dimensions cannot be added. 

(c) The occasion will often arise to add two 1-matrices or two 
2-matrices, etc., which have, however, different fixed indices. For 
example, let 

a b Cc d @ f g 


The question is, what is their sum? 

In this book it will be assumed that 7” such cases each of the 
1-matrices A and B have seven components and seven fixed indices 
a, b, c, d, e, f, and g. However, the components not shown are zero. 
That is, it will be assumed that the complete representations of the 


above 1-matrices are 
a b c d e€ f g 


a=|[2]-3{s]1]o]o] 0) 
a b Cc d e f ‘ 
B= | 0 0 | 0 | 0 | -7 4 | 3 


Hence their sum is 


1.21 


a b c d e f g 
A+B=C=|2/-3] 5 | 1] -7| 4 | 3 1.22 


In the case of two 2-matrices with different fixed indices such as 


e 
d 
e 


they are assumed to stand for 2-matrices each having in the present 
example five rows and columns with axes a, b, c, d, and e 
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1.24 


1.25 


This convention is introduced in this volume because of the special 
types of problems analyzed. 

(d) It may also occur that of two given 2-matrices some of the fixed 
indices are the same and some are different. In such cases again the 
above procedure is followed; that is, 74 1s assumed that the components 
along the missing indices are zero and so they are replaced before the 
manipulation. For instance, let the two 2-matrices be added: 

a b c e Cc d e f 


1.26 


They actually stand for two 2-matrices, each having six fixed indices 

a, b, c, d, e, f. 

a bce d 
0 


e 
4 


menmaeeee | omeeen | eneaeeaee | eemeegetmtace | equa 
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Hence their sum is 


1.28 


Each time the components of an n-matrix are represented on paper, 
it is advisable that the fixed indices should be written alongside thewr 
respective row, column, or layer, and should not be left out. If no mis- 
understanding may arise, then they may be left out. However, it 
must be kept in mind that the indices do not form part of the n-matrix. 

(e) In index notation the addition (or subtraction) of two n-matrices 
is represented as follows: 

Aaz—Ba=Ca 1.29 


A apy + Bapy = Capy 1.30 

That is, the variable indices remain unchanged (showing that the 

fixed indices are also unchanged); only the base letters are changed. 
XI. MULTIPLICATION OF 1-MATRICES 


(a) In order to learn how to multiply two n-matrices of various 
dimensions, it 1s sufficient to remember how to multiply two 1-matrices. 

Two 1-matrices are multiplied together by multiplying corresponding 
components and then adding them. Thetr product is a single quantity. 
For instance, if 


a beoeceé#d a bec 4d 
then their product is 
ei=(2X1)+(3xX4)+(4X%2)+6 X3) = 
=2+12+8+ 15 = 37 1.33 


If e represents the instantaneous voltages impressed on the four 


coils of Fig. 1.3 and i represents the four instantaneous currents flowing | 


in them, then their product e°i gives the instantaneous power input to 
the whole system, the power being a single quantity. 
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(b) In index notation the procuct of two 1-matrices eq and ig 18 repre- 


sented as a summation 
d 
eci= > Cate = P 1.34 


where the variable index a assumes all the fixed indices in succession. 
This summation is equivalent to the above rule. That is, if 


then) ats = Cah + Coty + Cte + Catg = 


2X1)+3X*4)+4xX2)+6 X 3) = 
=2+12+8+15=37 =P 1.37 


It should be noted that to the right of the summation sign both 
variable indices must be denoted by the same letter a or 8 that appears 
under the summation sign. That is, 


e-i =) vecie =) esis =) jiata = P 1.38 
a 8 a 


XII. THE PRODUCT OF 2-MATRICES BY THE ARROW RULE 


(a) A 2-matrix is multtplied by a 1-matrix by dividing the 2-mairix 
anto 1-mairices, then multiplying each of the latter in successton by the 
given 1-matrix. 

Since a 2-matrix can be divided into 1-matrices in two different 
ways, an arrow will show the direction in which the 2-matrix should 
be divided into i-matrices. For instance, let the 2-matrix z and the 
1-matrix i be given as 


ive p24 3] 4) 1.39 
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Their product z°i is found by dividing z into horizontal rows, as 


a b ec 
af a] 4] 2 | 
a pb Cc 
1 


2=>| 9 | | s | i-[2[3]4] 1.40 
el 6 | 7 | 8 | a 


—____-—> 
then multiplying each horizontal row by the given 1-matrix, as 
(3X2)+(4%3)+ (2X4) = 64124 8 = 26 
zmi=(9X2)4+(1X3)4+(5X4) =18+ 3420 =41 1.41 
(6X 2)+(7X 3) + (8 X 4) = 12 + 214+ 32 = 65 


Each product gives a single number, altogether three numbers, 
that can be arranged in their original order to form a 1-matrix as: 


a b Cc 


abs 12 


That is, the product of a 2-matrix and a 1-muirix ts @ 1-matrix. 

Of course, in actual calculation it is not necessary to redraw the 
2-matrix into a set of 1-matrices. It is sufficient to draw an arrow tn 
the direction in which the 2-matrix 1s tmagined to be split up. 

(6) Two 2-matrices are multiplied together by splitting up each tnto 
1-matrices, then multiplying each 1-matrix of the first with each 1-mairix 
of the second in succession. An arrow should show again the directions 
of the split-up. For example, let the two 2-matrices A and B be multi- 
plied together - eh 


1.43 


1.44 
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Now, let every horizontal row of A be multiplied by each vertical 
column of B in succession, each product giving one number. Altogether 
there will be 3 X 3 = 9 numbers, that are to be arranged in a 2-matrix 
in the same order as they are produced. 

For instance, the product of the second horizontal row and the third 
vertical column is placed into the second row and third column of the 
resultant 2-matrix as 


LTT aac i 
Lifefs]-] 4 -[ | ][] 1.45 
CTL | OOO 


since 1X2+6X*4+8 K6=2+ 244 48 = 74. 
Hence, multiplying all the 1-matrices in succession and placing 
their product in their proper order, the resultant product matrix is 


For instance, the product of the third row and the second column is 
9X 5)+(2*3) + (5 X 8) = 45 +6+ 40 = 91 


and this number is placed into the third row and the second column of 
the resultant 2-matrix C. 
As another example: 


2+ 3; 3 —4 | 14; 
2j 0 0 —j 


—— 


For instance, the product of the first row and the first column is 
(2 + 37)(—4) + (3)(0) =— 8 — 127+ 0 =— 8 — 123. 


(c) When the products of 1-matrices and 2-matrices are represented 
in direct notation as Z°i or i-Z or Z:° Ze etc., requiring two arrows 
alongside them, the first arrow 1s always horizontal, the second arrow 1s 
always vertical. Of course, the matrices are placed on the paper (or 
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are imagined to be placed) in the same order as they appear in the 
given expression. Their order cannot be interchanged; for instance: 


———) 
y c d 
; 
e ae+b af + bh 
A-B = : [nea = C DL i 1.49 
gi h ce+dg | of +dh 


e | ae + Of 
pon Aaeneencmeressme 


ac + be | aj + bf 1.48 


1.50 


ce+df 


With a 1-matrix it is immaterial whether its components are placed 
in a horizontal row or in a vertical column. 

(d) Since, in the product of two n-matrices A+B, thetr order cannot 
be interchanged as B- A, that is, since 


the algebra of n-way matrices is called a ‘‘ non-commutative algebra.”’ 

For instance, if, in the above product of two matrices AB, their 
order is interchanged as B:A, the resultant 2-matrix C’ is different 
from the former C given in equation 1.49 


——_——} 
e | f ea + fe eb + fd 
° = Co = -————___|—___—_—_ 1.52 
gi|h gathe | gb+hd 


XII. THE PRODUCT OF 2-MATRICES BY THE SUMMATION RULE 


(a) In index notation the product of matrices is again represented 
by a summation as . 


A-B =) An hin= Cn = C 1.53 
8 


the summation being equivalent to the arrow rule of multiplication 
given above. 

In the index notation it follows, from the position of the indices to 
be summed up, just in what direction the individual matrices are to be 


split up. 
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In order to show that performing the indicated summation gives 
the same answer as the above arrow rule, let the following example be 
worked out in detail. Let 


8 Y 
era \ en 
Pini peg ee Ee 1,54 
aan, ws h 
———> 


then in the product ) | AapBay = Cay the indices a and y, that are 
6 


not to be summed up, may assume 2 + 2 = 4 different values in 
succession : 


1.a=1,y=1. Then allowing 6 to assume its fixed values: 


» AipBa: = AirBir + AioBar = ae + bg = Ci 
7) 


2,.a=1,y7y =2. Then 
» AipBgg = Ai1Bi2 + Ai2Boo2 = af + bh = Cie 
r7 


3.a=2,7=1. Then 
> AopBai = AoiBi1 + Ao2Bai 
8 


ce + dg = Cai 


4.a=2,y7=2. Then 


»> AopBpe = AziBie + A22Boo = cof + dh = Coe 
7 


Thereby all summations are covered. The final result is 


N ~ 
av 1 2 fe 1 2 


1] Cy Cis 1] ae+ bg af + bh 
Cay = = Ss 1.55 
2 Cu Cae 2 cé + dg of + dh 


The process of summation gives exactly the same answer as the arrow 
rule previously given. However, the summation procedure is awkward 
and slow, and it should be used only in case of doubt. 

(b) From the last examples it follows that the summation is equiva- 
lent to drawing the arrows along the two indices to be summed up. The 
other two indices appear again in the final matrix. 
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The two tdentical indices B are called ‘‘dummy"’ indices, and the 
remaining indices a and y are called ‘‘free”’ indices. 

Since in a term the dummy indices occur twice, while the free indices 
occur only once, it is superfluous to add a summation sign Z and write 
under it the dummy index for the third time. J¢ ts an accepted con- 
vention to leave out the summation sign and to write 


> A asBoy = AasBoy 1.56 
8 


since there cannot be any doubt that the summation sign (that was 
left out) refers to 8 and not to aor y. For instance 


> 4B 2A R.. and > AaeBe So AusBe 1.57 
a 8 


The convention of leaving out the summation sign is also known as 
the ‘‘ Einstein convention,” since he introduced it first. This summa- 
tion convention is not used in general in the theory of m-way matrices. 
It is introduced here only in anticipation of further developments. 

It is emphasized that the introduction or removal of the summation 
sign 1s a question of individual taste and has no bearing whatever upon 
the concepts or ideas to be introduced later. The same remark applies 
to the procedure of performing the multiplication by drawing arrows 
and thereby multiplying 1-matrices together or by actually summing 
up the various components as suggested by the notation. The final 
answer is the same in either case. 

(c) It should be noted that in index notation there are four different 
ways of multiplying two matrices together as shown by the dummy 
indices, namely, 

AapBpy; AapByp; AapBay; AapBya 


In direct notation only the first and the last products can be repre- 
sented as A-B and B-A. Later on, a notation will be introduced 
to represent the other two products. 

Just which indices are summed up (or in which order the matrices 
are written) depends on the problem at hand. 

(d) Later on 2-matrices with special components will occur (con- 
taining mostly zero components) whose multiplication may be per- 
formed much more quickly by following some special rule in each 
special case, instead of the arrow rule. These special rules, of course, 
are valid only in special cases; the arrow rule always gives the right 
answer. 
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XIV. THE PRODUCT OF ANY TWO n-MATRICES * 


(a) Following the reasoning of the previous sections, two n-matrices 
of various dimensions are multiplied together by splitting each into 
1-mairtces, then multiplying each 1-matrix of the first with each 1-matrix 
of the second, each product giving a single quantity. The resulting 
quantities are arranged into a new n-matrix in their proper order. 
The dummy indices represent the directions along which the given 
n-matrices are to be divided into 1-matrices. 

Before the m-matrices are split up into 1-matrices, first they should 
be split up into 2-matrices in order to represent them on paper. Then 
each 2-matrix is split up figuratively into 1-matrices along the dummy 
index by drawing arrows along it, and finally the 1-matrices are multi- 
plied together. That is, the multiplication of n-matrices of any dimen- 
ston may be reduced to the multiplication of the 2-matrices they are 
composed of. 

(5) For instance, let the product 


yy. apyP sp = A apyBsg = Cays 1.58 
8 


be found, where A ag, is a 3-matrix and Bag is a 2-matrix. The dummy 
index is 8, hence Aagy and 
Bsg are to be split into 
——-6  1-matrices along the £8 


[TTT] directions, as shown in Fig. 
1.10. 

6 saan The free indices are a, 

y, and 6; hence the result- 

LETT) ant products are to be 


arranged in a 3-matrix 


Fic. 1.10.—Splitting a 3-Matrix and a 2-Matrix Ce? 
into 1-Matrices along the Dummy Index 8 To perform the multi- 
plications quickly on paper, 
tt 1s advantageous to divide the 3-matrix first into k matrices along a 
free index, say in a direction parallel to the plane of the paper, 
along y. Afterward each of the k matrices A aba, A aps, Aage’** should 
be multiplied by the given matrix Bys by dividing each of them into 
1-matrices along the direction of the dummy index 8, giving  pro- 
duct-matrices Cass, Cass, Cacs***. The latter matrices are equiva- 
lent to splitting up of the resultant 3-matrix Ca,3 along 7. 


* This section may be left out at the first reading. 
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As an example let only two fixed indices a and b exist. Then the 
three matrices to be — together are shown in Fig. 1.11. 


as b KB b Ise b 
if = ]+], [s]e] | aa]* 
bf 2 [1 bLela}y b}-5/ 9! 
eh = Aago + Aagpp | 
. = Aaspb 


Fic. 1.11.—-Multiplication of a 3-Matrix Aas, with a 2-Matrix Bag 


Let arrows be drawn along the direction 6 on each matrix to show 
that the matrices are assumed to be split into 1-matrices along those 
directions. 


1. The product of the first matrix Aags and Byg gives Caus: 


3X2+4xX4 
2 2+(-1) x4 


3X (-5)+4xX3 


ee 


2X (-5) + (=1)(3) | 


rai Caas 
2. The product of the second matrix Aag, and Bag gives Cass: 


5xX2+0X4 
BX2+7X4 


5X4+0x3 
8X (—5)+7X3_ 
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The two resultant matrices Cass and Cass form the 3-matrix Cays 
shown in Fig. 1.12. 


: Caas Cups ; Cors 
- ab "8 a_b 40 A, 
a[22|-3] 4 2/10/20 = al° =al° 
[oa] — sfaale] ~ “hs 
Caas Cans 2 0 22 
T T 


Fig. 1.12.—Constructing the Resultant 3-Matrix Coys 


(c) Similar procedure follows in multiplying, say, Aasys with 
By.ye along the dummy index 7. In that case Aagya is divided into k? 
matrices and B,,, into & matrices. Then the matrices are multiplied 
together along 7. 

It is emphasized that any number of special procedures may be 
developed to perform the multiplications, depending on the special 
problem at hand. In many problems most of the components are 
zero, hence it is practicable to represent each ”-matrix as composed of 
single numbers and sum up the numbers as indicated by the dummy 
indices. 

The free indices are the original indices without the two dummy 
indices. Hence the dimension of the product n-matrix 1s the sum of the 
original ones minus two. For example, the product of a 3-matrix and 
a 2-matrix is (3 + 2) — 2 = 3, a 3-matrix; the product of a 2-matrix 
and a 1-matrix is (2 + 1) — 2 = 1, a 1-matrix; the product of two 
1-matrices is (1 + 1) — 2 = 0, a 0-matrix. 

(d) Any n-matrix 1s multiplied by a single quantity by multiplying 
each of tts components by the quantity. Its dimension is not changed. 


To illustrate: 
~ ~ 


a a 3 | —6 
b bi 12 


15 
(e) In direct notation the products of 3-matrices and 2-matrices 
of higher dimension need special symbols that are not considered 
here. Generally speaking, the direct notation has been abandoned by 
practically all writers on tensor analysis. It is used in these pages 
only for simple problems, and even then only to serve as a stepping 
stone until the reader gets used to the index notation. 


1.61 
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It is possible to have more than one set of dummy indices such as 
AapyBsay The treatment of such general products will be taken up 
later. 

If the components of the 2-matrices to be multiplied together do 
not contain linear operators such as p = d/di, then their order in 
index notation may be interchanged. That is, AgBs, may be written 
as Bs A p- 


XV. DETERMINANTS 


(a) In order to learn how to divide by a 2-matrix, it is necessary to 
learn what a determinant of a 2-matrix is. 

With every 2-matrix (a set of k? numbers) there is associated a 
single number, called the ‘‘determinant’’ of the 2-matrix. It is formed 
from the components of the 2-matrix by certain multiplications and 
additions. No other 2-matrix has a determinant. 

When the matrix has only two rows and columns, its determinant is 
defined as follows: 


Determinant of Z = |Z| = AD — CB 1.62 


For instance, 
Z= > Det. = |Z|=2X5—4X (—3) 
= 10+ 12 = 22 1.63 


When the matrix has three rows and 
columns its determinant is defined by the 
following scheme 


Det. = 


Det. =AEI + BFG + CHD 
— GEC — DBI — AFH 1.64 
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For instance, 


1 2 3 
Z=/] 4 5 6 Det. = 1X5X4+2X6XK2+3X8X4 
2 8 4 — 2X5X3—4X2X4—1X6X8 


= 20 + 24 + 96 — 30 — 32 — 48 = 140 — 110 = 30 1.65 


Later, in Chapter X, a labor-saving method will be shown that 
in most problems eliminates the need of calculating the determinant 
of matrices having more than three rows. 

(6) With each component of a matrix there is associated a number, 
called the “minor” of the component. The minor of any component 
ts found by striking out the row aud column in which the component lies, 
then calculating the determinant of the remaining matrix. 

For instance, the minor of 3 in the following matrix is 22 


=4xX8—-2x5=22 1.66 


=-1xX4-2x3=—2 1.67 


(c) When a matrix has more than three rows and columns, its 
determinant may be found in several ways. One way of finding the 
determinant is the following: 

1. Find the minors of each component lying in the first row (or 
column). 

2. Multiply every other minor by minus one. The result of mul- 
tiplying the minors by + 1 is called ‘‘ cofactor.”’ 

3. Multiply each cofactor by the corresponding component of the 
first row (or column) whose cofactor it happens to be. 

4. Add these products. 

The result is the determinant. This method requires the calcula- 
tion of several determinants, each having one less row and column than 
the desired determinant. 

An extensive literature is available on the theory and calculation 
of determinants, which should be consulted for further information. 
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XVI. DIVISION WITH 2-MATRICES 

(a) Only a 2-matrix (and a single number) can be used as a divisor. 
Division with other 2-matrices is not defined. Division by a 2-matrix 
Z=Zas is represented as a multiplication by its “inverse” 
Z~1 = (Zas)~'. Hence, generally speaking, division does not exist in 
matrix algebra. Its only trace is the ‘‘inverse”’ of a 2-matrix, Z~!, 
provided the determinant of the 2-matrix is not zero. 

The calculatton of the ‘‘tnverse’’ of a 2-matrix its equivalent of 
solving a set of n linear equations with n unknowns. TIlIence the two 
procedures follow parallel. 

(b) The inverse of a matrix is found by the following steps: 

1. Interchange rows and columns. 

2. Replace each component by its minor. 

3. Multiply every other minor with minus one, starting with plus 
one in the upper left-hand corner, as shown in the following scheme. 


1.68 


After this multiplication the result is called a ‘cofactor.’ 

4. Divide each resultant component by the determinant of the 
whole matrix. 

The calculation of the inverse of a matrix is time-consuming, and, 
when the matrix has more than, say, four rows and columns, in general 
its inverse should be calculated only if the components are known 
numbers. If the components of the matrix Z are algebraic symbols, 
its inverse should be denoted if possible only symbolically, as Z7, 
and each numerical case of inverse should be calculated separately. 
However, in many problems most components of the matrix are zero, 
in which case it is practical to calculate the inverse in terms of algebraic 
symbols. 

Later, a labor-saving device will be shown to calculate the inverse of 
matrices with large numbers of rows and columns. 

(c) As an example let the inverse of 
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be calculated. Its determinant is 1X¥5X4+2xX6X2+ 
3X8xX4-2X5X3-4X2xX4-—-1X8 X6 = 30. 


1. Interchanging rows and columns gives 


—14/15| 8/15 | —1/10 
— 2/15 | —1/15 1/15 1.70 
11/15 | —2/15 | —1/10 


(d) The product of a 2-matrix Z and tts inverse Z—' ts always the 
unit" matrix. That is 


ee [ 2-2 =1| 1.71 


This fact may serve as a check on the correctness of the inverse calcu- 
lation. For the above example 


~14/15 8/15 | ~1/10 1 
— 2/15 | —1/15 1/15 =} 0 
11/15 | —2/15 | —1/10 0 
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(e) A matrix that contains only diagonal components 1s called a 


“ diagonal matrix.’ Its inverse is found by taking the inverse of 
each of its components. For instance 


Z-1 = 


Its inverse matrix is also a diagonal matrix. 
In index notation the inverse of a matrix Aag is denoted by a 
different base letter Bga, with tts indices interchanged. 


XVII. DIFFERENTIATION * 


(a) An -matrix is differentiated with respect to a single number by 
differentiating each of its components separately. The dimension of 
the n-matrix does not change. 

For instance, let a 2-matrix be given whose components are func- 
tions of 0 


cos 6 —sin 0 1.74 


sin 6 


0 0 
—sin 6 | — cos 0 1.75 


cos 6 | — sin @ 


(ob) An n-matrix is differentiated with respect to a 1-matrix by dif- 
ferentiating each component of the z-matrix with respect to each 
component of the 1-matrix. Since each component of the 2-matrix 
becomes a 1-matrix after differentiation, its dimension increases by one. 
That is, a 2-matrix becomes a 3-matrix, and so on. 


* This section may be left out at the first reading. 
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For instance, let the n-matrix to be differentiated be 


€q =| COSXm} 3 | sin x 1.76 
and the 1-matrix 
‘ mn ik 
xp =1xm1 Xn | Xk 1.77 


That is, let de./0x3 = Aaa be found. 
Differentiating each component of éa: 


1. With respect tox, = ™ 
a 
abeoe 
2. With respect to x, = n| 0 | 0 | 0 | 


1.78 


(c) In general, any n-matrix is differentiated with respect to any 
other n-mairix by differentiating each component of the first with respect 
to each component of the second one. The dimension of the resultant 
n-matrix 1s the sum of the dimensions of the other two. For instance, 

0A aby 0A 
———- = C. or —=8 1.79 
0B be nae OX« . 

In direct notation, differentiation is denoted as de/dx = A. The 
notation does not give any clue, however, about the dimensions of 
e, x, or A. 
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XVIII. INTEGRATION * 


An n-matrix is integrated with respect to a single number by 
integrating each of its components. Tor instance, if 


a 
a b c 


Ag =| 2 sino | cos 6 | 1.80 


at 
a b c 


fAadd = By =| 20+ 4] ~ coo +B | sind +C | 1.81 


A 1-matrix is integrated with respect to another 1-matrix by inte- 
grating each component of the first with respect to the corresponding 
component of the second one, then adding them as indicated by the 
dummy indices. For instance, if 


a 
a b Cc 
Aq =| COS Xq 3 | sin X¢ 1.82 
< a h c 
dXa =| dXa | dx» | dXe 


[Astte = f Aatx, + Aydx, + A dx, = 


= f COS X.dx%_q + f 3dx, + | sin x.dx, = 


= (sin x, +-A) + (3x5 + B) — (cos x, + C) 1.84 


A detailed analysis of these and also of other cases will be taken up 
later. 
* This section may be left out at the first reading. 


CHAPTER II 
THE FIRST GENERALIZATION POSTULATE 


I. OCCURRENCE OF N-WAY MATRICES 


(a) n-Matrices may arise in many types of mathematical studies. 
They may occur in algebraic, differential, or integral equations, in 
particular when there are: 


1. Several equations with several variables. 

2. One equation with several variables. 

3. One equation with one variable, in which the variable or its 
coefficient have special forms. 

There is a very extensive literature available on the use of 
m-matrices, especially in the solution of differential and integral 
equations. 

(6) One of the purposes of introducing m-matrices is to reduce 
during the analysts the number of equations and the number of sym- 
bols to as few a number as possible, usually to one. Such a reduc- 
tion of the number of equations and the number of symbols greatly 
facilitates the organization, the manipulation, and the solution of the 
problem, since all unessential details (the particular values of the 
various components of n-matrices) are eliminated from view when one 
symbol, say Z, is used in place of 2 or m* components throughout the 
whole analysis. 

Once the final answer is reached in terms of n-matrices, it is neces- 
sary in most engineering work to replace the 2-matrices by their com- 
ponents, thereby to enlarge the symbolic expressions to the usual 
form, and then to perform the indicated numerical calculations 27% a 
routine manner by slide rule or by some mechanical calculating device 
(network analyzer, differential analyzer), and so on. 

With the use of n-matrices the saving of labor occurs not in the 
number of final additions, multiplications, differentiations, or integra- 
tions that have to be performed to get a numerical answer but in the 
reduction of the amount of intermediary steps that are needed to arrive 
to an answer. That is, the use of n-matrices saves 1n that portion of 
the work that requires thinking and reasoning on the part of the engineer, 

34 
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but it does not save in that portion of the work that can be performed by 
a machine. 

(c) It cannot be sufficiently emphasized, however, that the saving of 
mental and physical labor 1s of secondary tmportance compared with far 
more tmportant considerations that influence the very foundations of 
the mental images and mathematical symbolism that have been built 
up to represent physical phenomena as they appear to the senses and 
instruments. These basic considerations will be successively pointed 
out as the introduction of new and more advanced concepts continues 
throughout the treatise. 


Il. N-MATRICES OF STATIONARY NETWORKS 
WITH LUMPED CONSTANTS 


Let, in Fig. 2.1, a stattonary network be given where the various 
branches contain resistances, self- and mutual 


inductances, capacities, some of them zero. | 

Let various instantaneous voltages be impressed, r a : ; b a 
and let currents flow in the various circuits. 

Let the meshes be called a, 0b, c, and d re- 


spectively. 
In connection with the stationary network t C 3 t d : 
the following m-matrices may be established: 


; : = @u 
1. The values of the various impressed volt- 

; ; Fic. 2.1.—Stationary 
ages may be arranged in a row, representing the Network 
“‘ampbressed voliage matrix’ 

a 
a bec 4d a 6 ¢ 4 
l 
6 = Ca | & Cc | Cd &g = Ca | & | Co | Cd 


The components é,, & may represent instantaneous values; or steady 
a-c. values, or d-c. voltages, or any time function. That is, e, may 
be 5, or 2 + 37, or 2 sin wi, or 21, where 1 is the Heaviside unit func- 
tion, etc. ae 

2. The values of the various currents may be arranged in a row, 
representing the “ current matrix” 


a bee 4d a bed 


i = Sa 4b te $a ta = ta 45 $e Se 


The components 7., #% may represent a-c., d-c., instantaneous, etc., 
values. 
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3. The self- and mutual inductances of the coils may be arranged 
in a square, the “inductance matrix" 


Maa Map Mac Maa 


Ma | Lo | Moe | Moa 


Mac Moe Lee Mea 
Maa | Moa | Mea | Laa 


The self-inductances are arranged in the main diagonal line, the mutual 
inductances on both sides of the line. For instance, in row b and 
column ¢ the mutual inductance between coils } and c, namely, M;,, 1s 
written. When the mutual inductance between any two coils, say 
c and d, is the same as that between d and ¢, that is, if Mca = Mac, 
then the inductance matrix 1s symmetrical with respect to the main 
diagonal! line. 

It is assumed that, when the self-inductance of a coil or the mutual 

Yinductance of two coils are measured, all the other coils are open- 
” circuited. " . 

When other reference frames are introduced in place of the actual 
circuits, the inductance matrix of stationary networks may become 
asymmetrical. 

4. The various resistances may be arranged in a square, the “‘rests- 
tance matrix" Rag containing in the present case no mutual resistances. 
Similarly the elastances (the inverse of the capacities) may be arranged 
in a square, the “elastance matrix,’ Sag, containing in the present case 
no mutual elastances, as 


- 
a a b C d 


5. The resistances, inductances, and elastances of the various coils 
may be combined into a single concept, the impedance of a coil 
Z=R+Lp+ S/p where p = d/dt. Similarly, the matrices R, L, 
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and S may be combined into one matrix, the ‘impedance matrix” Z 


Z=R+Lp+S,p | Zap = Rap + Lapp + Sap/P 


a Z aa Z ad 


: bl Za, | Zoe | Zoo | Zod 


where Zaa = Roa + Luah + Saa/p, and so on, the components repre- 
senting the various self- and mutual impedances. It is usually a 
symmetrical matrix for stationary networks, although not in all 
reference frames. 

When the coils have lumped constants, are stationary, and have 
single-frequency voltages impressed upon them, then the impedance 
matrix Z need not be separated into its component matrices. In the 
present volume these conditions will usually be satisfied, hence the 
impedance matrix will be treated as a unit. 


Ill. THE ORDER OF n-MATRICES IN DIRECT NOTATION 


(a) The index notation supplies a very flexible and smoothly work- 
ing apparatus to indicate the order and manner of manipulation of 
n-matrices. When the indices are discarded, as in direct notation, 
the role of the indices has to be replaced by special symbols and marks 
such as dots, crosses, stars, subscripts, etc. In simple cases a few 
symbols are sufficient, but as the complexity of problems increases, the 
number of special symbols increases correspondingly until the symbol- 
ism breaks down under its own weight. The “index’’ notation may 
be looked upon as a type of “ dtrect”’ notation in which the indices them- 
selves take the role of the special symbols. 

One special symbol hitherto introduced in direct notation was 
the “‘dot.’”’ Now another special symbol is introduced, a subscript 
tas A,, called the ‘‘transpose"’ of A. (The symbol A~! to represent 
the ‘inverse ’’ of a matrix is used also in conjunction with the index 
notation.) 

(6) It was shown in Section XIII, Chapter I, that in direct notation 
the products AasB,s and AasBa, cannot be represented. In order to 
do that an additional symbol is introduced. 
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The ‘‘ transpose" of a matrix A is found by interchanging rows and 
‘columns. The transpose of A is denoted as A,, so that 


a b c d a b c d 


Hence the above products are written as 
A apByp = A: B, and A apBay = A.° B 2.1 


since in index notation if A = Aag then A; = Aga. 
Taking the transpose of a transposed matrix, the original matrix 
is reestablished, that is 


(Ai)¢ = A 2.2 


Similarly taking the inverse of an inverse matrix, the original is 
reestablished. That is 
(A-!)-l = A 2.3 


(c) In index notation the order of n-matrices 1n a term 1s tmmatertal. 
For instance, Aggés may be written as esAas, and Tapyesty may be 
written as 1,es]asy Or égl'asyty, etc. If, however, the 2-matrices 
contain linear operators, their order cannot be disturbed. 

In direct notation the order of n-matrices in a term cannot be disturbed 
an general. In certain special cases it may be disturbed, provided that 
the components contain no linear operators. In particular: 

1. In the product of two 1-matrices as e°i the order may be inter- 
changed, that is, e*i = i-e. 

2. In the product of a 1-matrix and a 2-matrix, their order may be 
interchanged by taking the transpose of the matrix, that is A+i =i A,. 

If a 1-matrix e lies between two matrices, as say A« (e°B), then a 
parenthesis must indicate whether the 1-matrix is to be multiplied by 
the first or by the second matrix, since each case gives a different 
answer. That is 

A-(e-B) # (A-e)°B 2.4 


If, however, a 1-matrix is at the beginning or at the end of an 
expression, the parenthesis may be left out as 


A-(B-e) =A-B-e 2.5 
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In an expression like A+ (e- B) the term in parenthesis is a 1-matrix 
and it can be manipulated as such, that is 


A-(e-B) = (e-B)-A, = A> (B;-e) = A-Bee 2.6 


In index notation these precautions in the order of the n-matrices 
need not be observed in general, since the indices show the correct order 
of multiplications, irrespective of the order of the base letters. How- 
ever, if the components of some of the n-matrices contain ‘‘ operators "’ 
(such as p = d/dt or 1/p, etc.), then also in index notation the order of 
n-matrices cannot be disturbed. 


Iv. THE ORDER OF MULTIPLICATIONS 


(a) When three matrices are to be multiplied together as A-B-C, 
giving a matrix M, the multiplication may be performed in two dif- 
ferent orders: 

1. First matrix A is multiplied with matrix B giving matrix 
A-B =G, then matrix G is multiplied with matrix C in the order G+ C 
giving G-C = M. 

2. First matrix B is multiplied with matrix C giving matrix 
B-C = K, then matrix A is multiplied with matrix K in the order 
A-K giving A-K = M. 

That is, the multiplication may be performed as 


A-B-C = (A-B)-C =G-C = M 2.7 
or as 
A-B-C = A-(B-C) =A-K =M 2.8 


However, the order of the matrices cannot be interchanged. 


For instance, let the three matrices 


eae gag a eg a = 


be multiplied together in the order A*-B-C = M (AmnBapCog = Mag). 
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1. Performing the multiplications in the order (A-B)-C, the first 


product is 


cr NY 
ak + bn + cq 
dk + en + fq 


aj + bm + cp 


gj thm + ip 


gk + hn + ig 


al + bo + cr 


dl + eo + fr 
gl + ho +r 


The second product is (A-B)-C = M 


(aj + bm + ch)u + 
ak + bn + c¢q)x + 
al +bo +ar)a 


(dj +em +fp)u + 
(dk ten + fq)x + 


aj + bm + ch)s + | (aj + bm + cp)t 
ak + bn vay ak + bn + cq)w 
al + bo +r al + bo + cr)z 


(dj +em + fp)s + dj + em + iy 

gee Tay + rhe ioes + fq)w 

d+eo +f di +co +/fr)z (di +eo0 +fr)a 
(gj + hm + ip)u + 


gj thm +4p)s + ote + tpt 
ek + hn ta + + hn + iq)w (gk thn +ig)x + 
b+ho +r rt +ho + ir)z (gg +ho +uar)a 


2. Performing now the multiplications in the order A- (B-C) the 
first product is 
js tkhyut+ly 
ms + nv + oy 
bs tq +ry 


ji tkhutle 
ml + nw + oz 
pt +q+w rz 


ju +tkx+la 
mu + no + oa 


pu +qx +ra 


@&e we wzZ @F 2 |] = = 


The second product is A*(B°-C) = M 


a(js + kv + AE a(jt + kw + ez)+ 
b(ms + nv + oy)+ | b(mt + nw + 02)+ | b(mu + nx + 00 
c(pa + qu + ry) c(pt +qw+rs) | clpu + gx +10) 


d(js + kv HAG d(jt + kw + lz)+ | d(ju + kx +la)+ 
M ={ e(ms + nv + oy)+ | e(mt + nw + o2z)+ | e(mu + nx + 0a)+ 
flips +qut+ry) | fot +qut+rz) |flpe tax +ra 


g( jt + kw pet aa g(ju +kx +la : 
+ Yet te id ee he eae 
4(pt + qw + rz) 


+ qx + 7a 
Each component of this matrix is the same as that of (A-B)-C 
(6) In general, when any number of z-matrices are to be multiplied 
together as A-I°-B-C, the multiplication may be started with any two 
neighboring ones and may be continued with any grouping, as for 
instance A-I’-(B-C) or A (I'°B)-C, etc. Quite often a particular 
grouping speeds up the calculations considerably. 


a(ju + kx ze oH 


im + kv + mt 


h(ms +- nv + oy 
stgt+ry 
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If the components a, }, c,*** 7, k, 1,*++, etc., of A, B, and C contain 
*‘ operators,’ their order in the products of the resultant matrix M, 
such as in ajs, akv, aly, etc., must be kept the same as it follows from 
the arrow rule. 


V. MANIPULATION OF PRODUCTS 


(a) The transpose of the product of two matrices A> B is 
(A-B), = B,° A, 2.9 


A similar formula applies for the inverse of the product of two 
matrices 
(A-B)-! = B-!-A-! 2.10 


In general, the transpose (or the inverse) of a product of matrices 
is found by taking the transpose (or inverse) of each matrix in the 
reverse order. For instance, 


(A-B-C), — C,.-B,° A: 2.11 

(A-B-C)-! = C-!-B-!-A-! 2.12 

(6) A product of n-matrices is differentiated by differentiating each 
n-matrix separately, just as with scalars. For instance, 


dA-e 0A de | 0A apes dA aB 0€s 
=—ree A. - —_——————-  -———— Ae ae 2.13 
ax a oe ax, ax, °° uae ax 


In direct notation the order of the n-matrices should not be inter- 
changed. 

Similarly the differential of products is found by taking the differ- 
ential of each n-matrix 


d(A> e) = (dA) -e+A-de | d(A apes) _ (dA ag)eép + A apdeép 2.14 


(c) The tntegration of products will be taken up later. 


VI. ‘*‘SYMMETRIC” AND ‘ SKEW-SYMMETRIC” MATRICES 


(a) A line drawn from the upper left-hand corner of a matrix to the 
lower right-hand corner is called the ‘‘ main diagonal '’ line. 

(b) A matrix is called “ symmetric " if the same components occur 
on both sides of the main diagonal line such as 
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The transpose of a symmetrical matrix is identical with the original 
matrix. That is, if A is symmetrical, then A = A,. 

A matrix is called “ skew-symmetric” ift he same components 
occur on both sides of the main diagonal line, but with opposite signs, 


a b c d 


and if the components along the main diagonal line are zero. 

(c) Any general matrix A may be divided into the sum of two matrices 
B + C where B ts a symmetric matrix and C ts a skew-symmetric matrix. 
That is 


A=B+C | Aas = Bap + Cag 
where the symmetrical part is found by 
A+A Aap + Ape 
oan. Fe a al A 
2 2 
and the skew-symmetric part is found by 
C = ae aes = Ate 9.16 


For instance the matrix 


A B Cc 
G K 
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may be expressed as the sum of two matrices, one symmetric, the other 
skew-symmetric: 
A+t+A/B+D(|(|C+G 
A=M4ID+B\|E+E|F+H/+% 
G+C\/H+F\K+K 


Vil. MANIPULATION OF MATRIC EQUATIONS 


(a) An equation in which every symbol is an n-matrix will be called 
a “‘ matric equation."’ Each side of the equation is composed of the 
sum of several terms, such as 


P =i-Lei P = Lapiais 2.17 


p 
e=R-i+a — + i-T-i |e. = Ragip + aap + Tapyigiy 2.18 


Z’+Z" =R+L5 Zip + Zap = Res + Les — 2.19 

(b) It is important to note that in a matric equation each term has 
the same dimension. That is, each term is 0-matrix, as in equation 2.17, 
or a 1-matrix as in equation 2.18, or a 2-matrix as in equation 2.19, etc. 
In index notation each term has the same free indices. In equation 2.17 
none of the terms has free indices; in equation 2.18 the free index in 
each term is a; in equation 2.19 they are a and 8. Each term may 
contain, on the other hand, any number of dummy indices. 

(c) In manipulating a matric equation it must be remembered that 
only a 2-matrix (or products of n-matrices forming a 2-matrix) can be 
transferred to the other side of the equation by multiplying both sides of 
the equation by the inverse of the matrix. Products of #-matrices 
forming a resultant 1-matrix or a 3-matrix cannot be carried from one 
side of the equation to the other. Also this transferable matrix must 
have one free index, which in direct notation is equivalent to having the 
matrix at the beginning or at the end of a term and not in the middle. 
For instance let 


x-Tei=e | DapyXatp = Cy 
Combining the 3-matrix I’ and the 1-matrix x into a 2-matrix 


x-T=A | TapyXa = Ag, 
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it can be transferred to the right-hand side by multiplying over both 
sides with the inverse of A, that is 


A-i=e A pytp = ey 
i= A-!-e ig = (Apy)—'ey 
i= (x‘I)-'-e te = (TapyXa)~ ey 


(d) In the manipulation of matric equations it is often necessary 
to replace a 1-matrix or a 2-matrix A by AI or I-A, where I is the 
‘unit matrix "’ (Equation 1.5), having unity in its diagonal compo- 
nents and zero elsewhere. (It should be noted thatI,; = IandI-! =I. 
Also multiplication with I leaves any n-matrix unchanged.) Such 
cases occur where a common n-matrix is to be factored out from a sum 
of terms. For instance, 


A-i-r-A=B Aap — DT vastyA sp = Bag 
(I-i-T)-A=B (las — Tasty) A sp = Bap 
A= (I —i-T)-!-B Ass = (las — Tyasiy)~' Bag 


VIII. MANIPULATION OF INDICES 


In manipulating equations in index notation the following should 
be kept in mind: 

1. The free index in every term must be the same, but it may be 
changed from one letter to another. For instance, in the equation 


ta = Aapés + Mapyepey 
the free index a may be changed to w 
tw = Aupep + Mupyepey 


It should be noted that to avoid confusion the new free index should 
not be the same as any of the dummy indices. 

2. The dummy indices may be changed in every term separately. 
For instance, the equation 


ta = Aapep + Mapyepey 
may also be written as 
te = A ases + M acclels 


3. The same dummy index, say 8, may appear in two or more terms 
at will. In an expression like 


A apes + Bayly 
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the vector eg may be factored out by changing the dummy index y 
in the second term to 8, giving 


A apes + Bases = (Aas + Bag)es 


IX. ‘*FORMS” 


(a) In a matric equation each term is either a O-matrix, or a 
l-matrix, or a 2-matrix, etc. If each term is a 0-matrix (a single 
number), then each term is called a “ form.” A “form” such as 
A apXaXp Consists of two types of components: 

1. The “ variables" x. or tq that may occur once or more than 
once. There may be two or more types of variables as xq and ya. 

2. The “‘ coefficients ’’ of the variables as Aag. The coefficients 
of the form may be the products of several 2-matrices. 

(6) According to the number and type of the variables the follow- 
ing ‘‘ forms "’ may be distinguished: 


1. e-ior @gt, isa ‘ linear” form. 

2. isLeior Lagtats is a ‘* quadratic '’ form. 

3. Aapytatpty is a ‘‘ trilinear" form. 

4. Bapys.... talgtyts....isa ‘ multilinear’ form. 


These types of forms contain only one type of variable 74. With 
two types of variables the following form often occurs: 


5. x°D-y or Dapxays isa‘ btlinear”’ form. 


(c) The variables 2, in the above forms may be replaced by the “‘dif- 
ferentials "’ dxq, in which case the forms are called ‘ differential forms." 
With 2, or xq they are called ‘ algebraic forms.’’ The most important 
types of ‘‘ differential forms ”’ are: 


1. The linear differential form eadxa. 
2. The quadratic differential form dapdxadxp. 


(qd) In mechanical or electrical problems, an example of a linear 
form is 


1. Power input = P = e-i = éatea. 
Examples of quadratic forms are: 


2. Stored magnetic (or kinetic) energy = 2T = i- ai = Gaptaig. 
3. Dissipation function = 2F =i-rei = ragtats. 
4, Stored electrostatic (elastic) energy = 2V = x-8>X = SapXqXp. 
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When 7, is expressed as dx./dt, the first three of the above four 
forms may be considered as “‘ differential forms ”’ instead of ‘* algebraic 
forms.” 

(e) If each term in a matric equation is a 1-matrix, each term may 
be considered as a “‘ set of forms."’ For instance: 


1. Z+i or Zapt, is a set of linear forms. 
2. TapyXa¥e is a set of bilinear forms. 


(f) The significance of the concept of ‘‘ form’ ts that, whereas the 
variety of matric equations is great, the variety of their component parts, 
the ‘‘ forms," is small. An extensive mathematical literature has been 
built up on the theory of forms, dealing with their characteristics, their 
reduction to simplified forms, etc. All textbooks on modern algebra 
or higher algebra chiefly deal with the theory of “forms.” Their 
theory leads often to reduction in the zumertical calculations necessary. 

(g) The following theorem on quadratic forms may be considered 
as an example of simplification. It was shown in Section VII that 
any matrix may be considered as the sum of a symmetrical and a skew- 
symmetrical matrix. The theorem states that: 


In any quadratic form i*G-i the matrix G may always be 
replaced by its symmetrical part (G + G,)/2. 


That is, the coefficient of a quadratic form, algebraic or differential, 
4s always a symmetrical matrix, since the asymmetrical part reduces the 
form to zero. That is 


G-—G ‘ Ga — Gea ee 
H(Eg2ane | (Hise 


For instance if: 


(1/2)(G — G,)-i -| i(B — C)/2 | —ta(B — C)/2 | 


(1/2)i- (G — G,)*i = (1/2)la(B — Cia — in(B — Ch] = 0 
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Hence 
G+G,; 


Gaa4 
1 1 1 9 


i 2.20 


X. THE “FIRST GENERALIZATION POSTULATE ” 


(a) The interesting fact should be noted that a single coil is charac- 
terized by the quantities 


e,1, R, L, C, and Z 
while a set of coils is characterized by the n-matrices 


e, i, R, L, C, and Z 


That is, a set of coils is characterized by the same type and number 
of symbols as a single coil, with the difference that single numbers are 
replaced by n-matrices of various dimensions. ~ 

Hence it should be noted that an m-matrix represents not just any 
haphazard collection of numbers. The components of each n-matrix 
correspond to some definite physical (or geometrical) concept, and in each 
problem only as many n-mairices can be introduced as there are physical 
(or geometrical) concepts involved. Their number can be increased or 
decreased only by following strict rules that correspond mathematically 
to the physics of the problem at hand. 

(6) Later on it will be found that in general complex systems are 
not only characterized by the same number of symbols as simple sys- 
tems, but the whole method of reasoning to be used in their performance 
analysis follows quite closely the analysis of a simple system, with the 
difference that each quantity is replaced by an m-matrix in the analysis. 

In other words, before analyzing any complex system with several 
variables, 1t will be found advantageous first to analyze a similar system 
having only one (or more) degrees of freedom. Then the same reasoning 
can be repeated 1n substantially the same manner, replacing each quan- 
laity by an appropriate n-matrix, however. It will then be found also 
that the final equation of the complex system with m degrees of freedom 
will look substantially the same as that of a simple system with one 
(or more) degrees of freedom, each quantity being replaced, however, 
by an ”-matrix. 

This labor-saving device will be called ‘ the First Generalization 
Postulate,”’ and it can be stated as follows: 

‘* The method of analysis and the final equations describing the 
performance of a complex physical system (with n degrees of freedom) 
may be obtained by following step by step those of the simplest but most 
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general unit of the system, provided each quanitty 1s replaced by an 
appropriate n-matrix."’ The simplest untt of the system may have one 

' or more degrees of freedom. 

‘- It seems logical that the mere collection of system elements should 
not introduce any physical phenomenon that has not already been 
contained in the simplest element, hence new symbols, representing new 
physical concepis, should not arise in combining several elements. It is 
not always obvious, though, what the simplest system element is, and 
not just any formulation of the method of analysis and of the equation 
for the simplest element is capable of generalization. It will be found 
usually that only the shortest (but still more general) and at the same 
time the most elegant scalar formulation of the physical phenomenon 
is in a form to be replacable by an 2-matric expression. The scalar 
formulation may involve, of course, one or more equations. 

It should be remembered that the simplest unit of a system may 
contain two or more variables, also that a system may be composed of 
two or more radically different types of elements so that each of these 
elements may require a different equation. Also a system containing 
one type of element may be divided into several groups according to 
the different behavior of the various elements. 

(c) Since the manipulation of -matrices differs slightly from that 
of ordinary quantities, in the parallel analysis the ordinary equations 
should have the following forms: 

1. Instead of dividing by a number as 1/Z multiply by Z2-', 
corresponding to the inverse of Z which is written as Z—!. 

2. Instead of squaring a number as Z?, use it in the form ZZ, 
corresponding to Z°Z. 

3. The quantities should be kept in the proper order as the arrange- 
ment is built up by the analysis if the -matrices are to be expressed 
in direct notation. If the index notation is used, the order is imma- 
terial in the absence of operators. 

These rules for the manipulation of quantities are about the same 
as those of “ operators "’ like p = d/dt. 

(d) If the analysis of a problem is carried through in terms of 
m-matrices, it will eliminate the necessity of carrying along for page 
after page a set of ordinary equations. It is emphasized, however, that 
there are certain types of operations and a minimum number of manipu- 
lations that are not eliminated by the use of n-matrices. Such necessary 
operations are, for instance: 

1. In the analysis of a set of linear equations a rein amount of 
determinant calculations cannot be avoided. 

2. In the solution of a set of differential equations, the finding of the 
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roots of an nth degree algebratc equation cannot be avoided by the use of 
any tmaginable symbolism. 

In particular it is emphasized that, once the final equations are 
arrived at by either method, the same amount of numerical additions 
and multiplications is needed to get the numerical answer. However, 
it often happens that the final answer arrived at in terms of m-matrices 
is in a far more organized form than an answer expressed in terms of 
ordinary quantities and hence it requires less numerical labor; or 
owing to its organized form the numerical calculation may be per- 
formed by a computer on a calculating machine. Also it often 
happens that the use of n-matrices suggests a new method of attack which 
1s unsuspected when the usual reasoning is followed and so the final answer 
comes out in a new form requiring far less numerical work. Numerous 
examples of such cases will be given later. That is, the use of n-matrices 
an general effects great savings: 

1. In the analytical work. 

2. In the numerical calculations. 

It should be remarked that tt zs not always apparent just «what 
quantities should be grouped together to form an n-matrix. Often several 
choices are open, but usually only one selection leads to the simplest 
formulation of a problem. More often the organization into m-matrices 
appears to be hopeless at first sight. One of the purposes of this 
treatise is to set up basic principles for organizing certain electrical 
engineering concepts in terms of m-way matrices. 


XI. STATIONARY NETWORKS 


A very simple example of the First Generalization Postulate is the 
analysis of a stationary network. The relation between the impressed 
voltages e and e, the currents 2 and i, and the impedances Z and Z 
of a stngle coil and of a network with n degrees of freedom is given by 
Ohm’s law for both cases as 


e= Zi | e=Z:i 2.21 


If the voltages are known and the currents are unknown, these 
equations may be solved by multiplying both sides by the inverse of 


ZorzZ 
Ze =Z Zi Zo3i-e=Z-1-Zi 


Ze =i Z-+e =i 


That is, the currents i are found by finding first the inverse of Z and then 
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multiplying it by e. If the inverse of the impedance is defined as the 
admittance and denoted by a new symbol, then 

4= Ze i= Z-i-e 

a= Ve i= Y-e 2.22 


For instance, the inverse of matrix Z given in Section II is found 
to be: - b Ps d 


al Yaa | Yab | Yac Yad 
Yab | Ybb | Ybe | Ybd 


dj Yad | Ybd | Yed | Ydd 


This matrix, the ‘‘ admittance matrix "’ represents the self- and mutual 
admittances of the various coils of Fig. 2.1 assuming that, when the 
admittance of one coil is measured, all the other coils are short-circuited. 
This matrix is also symmetrical if Z is symmetrical. 

The current flowing in the various circuits of Fig. 2.1 due to the 
impressed voltage e given in Section IT is then 


Yaata + Yarto + Vactc + Yaata 
Yabéa + Yosen + Yocte + YVoaea 


Co 9 


i= Yee= 


Yac€a + Yocto + Yec€c + Yeata 
Vacéa + Yoaeo + VYeate + Yaata 


a oa 


XII. TRAVELING WAVES ON MULTICONDUCTORS * 


(2) As an example of applying the First Generalization Postulate 
to a set of differential equations, consider the motion of electromagnetic 
waves along a transmission system. 

For a single conductor, let the resistance of a unit length be R, its 
inductance L, its leakage conductance G, and its capacity C. Then 
along an infinitesimal distance dx the voltage drop is 


de ; dt d\., 
—de =— ae = Ride + LY ae = (R415) ids 


and the current change is 
—dt pee = Gedx + ade = (c+ c4) edx 
0x dt dt 


* This section may be left out at first reading. 
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If R + Ld/dt = Z, alsoG + Cd/dt = Y, and if dx is cancelled, then 
the equations become 


—— = 721 and ote oe ee 2.23 


(b) Now let a transmission system with 2 parallel conductors be 
considered with electromagnetic and electrostatic coupling between 
them. The resistances and the self- and mutual inductances may be 
arranged in the form of a matrix 


where Zea = Raa + Los d/dt. The leakage conductances and the self- 
and mutual capacities also may be arranged in the form of a matrix 


where Yaa = Gae + Coa d/dt. (This matrix is not the inverse of Z, 
being independent of it.) 

Let the potentials of the various conductors be arranged in a row 
to form a 1-matrix 


Similarly the currents form the 1-matrix 


Since the conductors are parallel, the distance along each conductor 
may be considered as a single quantity x. 

Altogether five n-matrices are tntroduced, in particular two 2-matrices 
Z and Y, two 1-matrices e and.i, and one 0-matrix x. 
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(c) The differential equations containing only voltages will be 
developed for a single conductor and for conductors in parallel 
columns. The equations for 2 conductors will be given in both direct 
and index notations. 

The voltage drops are 


0 oe 06a 
—— = Zi a tarne, Aa | | eas EP 
Ox x Ox 
The current changes are 
a au dtp 
—-—=/Y ——=/Y —— = VY 
ax ax | jp 


Substituting the second equation into the last equation, when the 
signs are changed, results in 


02 ¢e 07e 0° 


The last equation gives the differential equations for the propaga- 
tion of the voltage waves e which are functions of x and ¢t. It is 
emphasized that the analysis can be carried through clear to the 
complete solution of the differential equations in terms of -matrices. 
However, the use of n-matrices does not eluminate the necessity of finding 
the roots of an nth (or 2nth) degree algebraic equation. The use of 
m-matrices eliminates only the carrying along of ” ordinary equations 
page after page. 

(d) In order to show the set of 2 ordinary equations that are 
represented by the single matric equation 2.24 let the indicated opera- 
tions be performed. 


a b n 
a Zoe Yaa + Zan Yao Zaa Yop + Zan Ynb vee Zaa Yon + Zan Yan 
2-Y bl 2ta Yaa + Zon Yna ZbaY ab + Zon Vino eee Za Yan + ZonYan 


Ni ZnaYaa + Zan VYna | Zna Yor + Zan Yn | ..- | ZnaYan + Zan Yan 
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al (ZaaYoaa + Zan Yna)a + (Zaa Var + ZanYnd)eo + (Zaa Yan + ZanYnn)en 


Z-Y-e= b} (Zra Yaa + ZtnYna)ea + (Zra Yar + Zon ¥ns)es + (ZraYan + Zon Yan)en 


NT (ZnaYaa + Zan Ynaléa + (Zna Yas + Zan Ynd)er + (Zna Yan + Znn Yan)en 


Equating corresponding components of the last two 1-matrices 
according to equation 2.24, the set of 2 ordinary equations representing 
the single matric equation 2.24 are: 


ae = (ZaaVaa + °** ZanVnal€a + (ZaaVar + °** ZanYno)e 
| +e (Z2Vun + °++ LanVanlen 
ae = (LpuYVaa + °*+ ZonVnal€a + (ZoaVas + °** ZonVnoer 
+++ (LouYan + +++ LZonVanden ae 
de, 
a (ZnaVan + °° ZanVnalea + (ZnaYar + *** ZanVnn)er 


+ ce (Zeal an + Krewe Lina Vanen 


The differential equations analogous to equation 2.24 in terms of 
currents are: 
074 0*i ; Oe : 
Ox? = YZ1 Ox? = Y-Z-i “9x2 = Y apZpyty 2.26 


The matrix Y-Z is different from Z-Y. 


XI. POWER SERIES DEVELOPMENT * 


(a) To show the use of the First Generalization Postulate in a 
problem where 3-matrices and m-matrices of higher dimensions occur, 
let the development of several functions of several variables in terms 
of power series be considered. Such cases occur, for instance, when a 
non-linear relation exists between quantities, such as between currents 
and voltages in vacuum tubes, or between m.m.f.’s and fluxes in 


* This section may be left out at the first reading. 
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saturated magnetic circuits, etc. A power series development of the 
variables is necessary when a set of equations cannot be solved other- 
wise. 

First one function of one variable will be developed in terms of 
single quantities, then the same steps will be repeated in terms of 
n-matrices for several functions of several variables. 

(b) Any curve in a plane y = f(x) can be expressed as a power series 


y=A+t Bu+ Cx? + Dx? + Ext + 2.27 


where the coefficients A, B, C, D +++ are known or unknown quan- 
tities (provided certain conditions stated in textbooks are satisfied). 

(c) A curve in a three-dimensional space is represented by the 
intersection of two surfaces 


Ve = [ACH XB) 
Yo = fo(%a, Xs) 2.28 


Each of the dependent variables y, and , may be expressed as a power 
series in terms of the independent variables x, and x, such as 


Yo = Aa t (Basta + Bavxs) + 
+ (Casarxs + Caa%axs + Coraxera + Carwxy) + 
+ (Dasara + Dasadraxs + Daarartexs + DaasXaxy + 2.29 
+ Dadaar0xg + Darartaxy + DarraXaxy + Darexs) + 
+ (Escasa%a + Eaacab%axs + - ++) 
+ ° 


The coefficients of the variables as Daas are known or unknown quan-. 
tities. A similar equation can be written for yp 


yo = Ap + (Brora + Bure) 
+ (Croat? + Crorters + Crrareta + Coax?) 
+ (Deaaar® + Drasr%2t» + Drarox2x» + Doaretaxe 2.30 
+ Deoaarex2 + Desartaxe + Derea%ax? + Dovex?) 
+ (Evecasts + Esaaed%ax, + +++) 
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If instead of two functions and two variables there are 2 functions 
and 2 variables (all real) 


Ya = fa(Xa, Xb, Xe°° Xn) 
Yo = fo(Xa, Xb, Xe°* Xn) 


Ve = fe(Xe, Xb, Xe°° Xn) 2.31 
Yn = Fal%a; Xb, Xc°° Xn) 


there are 7 such series equations as the foregoing, each parenthesis 
containing 7, n?, n?---+terms instead of 2, 2?, 23---terms. 

(d) In order to represent the ordinary equations as one matric 
equation, let the following n-matrices be defined: 

1. All the dependent variables are arranged in a row forming a 
1-matrix 


3. All the A coefficients are arranged in a 1-matrix 


a 
a b Cc pase nN 


Ane Ae Ay | Ac | An 


4. All the B coefficients of x. are arranged in a square forming a 
2-matrix 
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5. All the C coefficients of xaxg are arranged in a cube forming a 
3-matrix. 


6. All the D coefficients of xaxgx+ are arranged into n cubes, form- 
ing a 4-matrix Dagys. The E coefficients form a 5-matrix, Eagyse, and 
so On. 

(e) In terms of these n-matrices the n power-series equations are 
written as one matric equation 


Ya=AatBapxpt CapyXpXytDapysXpXyXstEapysetptyXeXet ++ 2.32 


This equation has the same form as the single equation 2.27 except: 

1. Each quantity is replaced by an n-matrix. 

2. The nth power of a quantity, say x4, is replaced by ” products 
XpXyX aXe. 

It should be noted that in the equation: 

1. Each term is a 1-matrix, that is, in each term one free index 
exists. All the other 
indices in each term 
are dummy indices. 

2. Each free in- 
dex on each side of 
the equation is de- 
noted by the same 
letter a. 

3. In each term 
a n-matrix is multi- 

Ya = Ag+ BapXp * CapyXeXy te plied by the 1-matrix 
Xa several times. 

Fic. 2.2.—A Power Series in Terms of n-Way Matrices For instance, the 
3-matrix Cag, 18 

multiplied first by the 1-matrix x, giving the 2-matrix C.g,%7 = Fas; 
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then the 2-matrix Fis is multiplied again by the 1-matrix x, as 
Fapxp = (CapyX)xp, giving the 1-matrix Gz. Each term in the equa- 
tion is such a 1-matrix as shown in Fig. 2.2. 


XIV. THE INVERSE SERIES * 


(2) In order to show an example in which 3-matrices are manip- 
ulated, consider three terms of the above series with y replaced by e 
and x by 2 

Ca = Bapts + Capytpty + ss: 2.33 


Let it be assumed that the components of Bag and Cag, are known, 
also the components of e, (which represent, say, some impressed 
voltages on a non-linear system). The problem is to solve this sertes 
for the unknown iq, that is, to express 7, as a function of Bas, Casy, 
and ég. 

The unknown ig may be expressed as a function of é¢. in a power 
series (called the ‘‘ inverse ’’ series) 


1p = K pele + M pe cele : 2.34 


where the coefficients Kg. and M,.. are unknown functions of the 
previous coefficients B,, and Cag, The problem is then to find K and 
M as a function of B and C. 

(6) Following the First Generalization Postulate, the analysis will be 
performed first in terms of single quantities. That is, first the following 
problem will be solved: given the power series 


e= Bi+Ci7+4+--- 2.35 
find the unknown 7, that is, in the inverse series 
a= Ke+ Me?+-:-- 2.36 


express the unknown K and M as a function of the known B and C. 
The steps are the following: 
1. Substituting the second equation into the first 


e = B(Ke + Me?) + C(Ke + Me)? +--- 2.37 


Since all expressions in which e occurs in higher than the second power 
are going to be neglected, the above equation reduces to 


e= BKe + BMe? + CK7e? + --- 2.38 
e= BKe + (BM + CK*)e? + -:- 2.39 


* This section may be left out at the first reading. 
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2. Equating corresponding coefficients of e and e? on each side of 


the equation 
i= BK 2.40 


0 = (BM + CK2) 2.41 


3. Solving these two equations for the unknown K and M 


K = B-! 2.42 
M =— C(B-)3 =— CK 2.43 
4. Hence the value of 2 in terms of e, B, and C is 
4= B-e — C(B—)8e? 2.44 
or 
4 = Ke — CK%e? 2.45 
where K = B=, 


(c) These same steps will now be repeated by replacing each quantity 
with an n-matrix. 
1. Substituting equation 2.34 into equation 2.33. 
la = BaplK pees + M be cll) 
+ Capy(K pele + M pecbel oc) (K yale + M vuxlwlx) 2.46 
It should be noted that in equation 2.34 the free index is denoted first 


by 8 then by y for the purpose of substitution. Similarly in the latter 
case the dummy indices are changed to 


ty = Kyle + Murals 2.47 
to avoid confusion in substituting 7, twice in succession (see Section 
a powers of e, higher than 2, the above equation is 

Ca = BapK geee + BapMpccéee + CapyK eK yulelu 2.48 
Factoring ¢€.¢ 
Ca = BapK pee + (BapMpee + CapyK pK yc)eco 2.49 


2. Equating corresponding coefficients of e, and ee. on each side 
of the equation (writing éJe. for €éa where I.q is the unit matrix): 


Lea = BasK pe 2.50 
0 = BasrM see + CapyK pK ye 2.51 
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3. Solving these two equations for the unknowns Kas and Mas, 
Kee = Lea( Bap)! = (Bes)! 2.52 
M0 mts, (CapyK eK 0) (Bas) Pa ea CapyK sak peK ye 2.53 


These matric equations are the same as the corresponding ordinary 
equations 2.42 and 2.43. That is, the matrix Kag is found by taking 
the inverse of the matrix Bag and the 3-matrix Map, is found by multi- 
plying the 3-matrix Capy by the matrix Keg three times in succession in 
the order indicated by the indices, then taking its negative. 

Since (Bag)~! = Kea, that is, since in taking the inverse of a matrix 
the order of the indices changes, the three Kag matrices in the last 
expression have their free indices in different position. That is, the 
free index of Kye is its first index, while the free indices of Kg, and 
K.,,, are their second indices. 

4. Hence the value of 7, in terms of Bag and Cag, are 


le = Kapep =— CyaeKayK trKeclrle 2.54 


where Kap = (Baa). 

It should be noted that without the concepts of 2-matrices it is an 
extremely laborious procedure to find the inverse of a set of power 
series equations. Because of the absence of such rules as equation 2.53 
each time the inverse of a set of equations is to be found, the whole 
analytical procedure has to be gone through all over again. If the 
finding of the inverse of a power series is just one step in somc analytical 
development, then the analysis is rarely undertaken in ordinary 
symbolism, since after the first few steps the mechanical difficulties 
involved in handling the numerous terms become insurmountable, 
not even mentioning the mental labor necessary to keep the physics 
of the problem and the analysis clear. 


XV. ELIMINATION OF VARIABLES 


(a) To show an example where the First Generalization Postulate 
is used for the manipulation of several matric equations, consider three 
linear equations: 


€y = 231; + Zote + 2313 ey = Zy°i; + Zecie + Zs-iz 
eg = Z4t, + Zste + Zotz @2 = Zari, + Zs-i2 + Zerig f 2.55 
e3 = Z7t, + Zete + Zotz e3 = a + Zsg-io + Zg-iz 


The left-hand column represents three linear ordinary equations 
with three unknowns, 71, 72, and #3. The right-hand column repre- 
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sents three linear matric equations, in which the three 1-matrices e 
and the nine 2-matrices Z are known quantities, while the three 
i-matrices i are unknown. Each matric equation may represent any 
number of ordinary equations. 

(6) Let it be assumed that in the problem at hand the knowledge 
of the values of is is not needed; hence /et is be eliminated, leaving only 
two matric equations with i; and ic as unknowns. The elimination of 
ig will be performed in parallel columns for the ordinary and for the 
matric equations. 

1. From the third equation let ig be expressed in terms of i; and ie. 
Placing the terms containing ig on the left-hand side of the equation 


Zotz = €3 — Zt, — Zegte | Zo-ig = €3 — Z7°i1 — Zg-i2 
Multiplying both sides of the equation by Z9—! 
tg = Zo-1(eg — Zri, — Zgie) | ig = Zo-!+(e3 — Zr-is — Zeria) 


2. Let this value of i3 be substituted into the other two equations 


é, = Zit, + Zote @; =Zi¢i; + Zarie + 
+ Z3Z9"(e3 — Z7t1 — Zeta) +Z3+9-!+(e3 — Z7ei1 — Zs-ia) 
e2 = Zat, + Z5t2 + @2= Zari: + Zscie + 


+ ZeZq—*(e3 — Z7ti — Zete) + Ze-Zo—!-(e3 — Zz-i1 — Zs-ia) 


Factoring i; and ig in both equations: 


e: — Z3Z91e3 = e; — Z3-Zo-!-e3 = 
= (Z; — Z3Z9712Z7)41 + = (Z; — Zg°*Zq—!-Z7) ei; + 
+ (Z2 — Z3Z9—1Zsg)t2 + (Zo — Z3°Zo—!+Zs) -ia 
¢2 — ZeZg-'eg = @2 — Ze-Zg—!-e3 = 2.56 
= (Z4 — ZeZ9—'Z7)41 + = (Z, — Zo-Zy~!-Z7) ei, + 
+ (Zs — ZeZo—1Zg)t2 + (Zs — Ze°Zo—!-Zs) «is 


In these two matric equations there are only two unknowns i, 
and ig. 
The two equations may be written shortly as 


e = Zits + Lyin ef = Zi, + Zheig as 
ey = Lyi: + Zyia e, = Zzeis + Zyrie 


The new coefficients Z’ of the unknowns are matrices and are found 
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from the original matrices by performing the indicated operations, as 
for instance 


Zi = A = Z3297'L7 | Zi = Zi = Z3°L971*Z7 


(c) Of course the manipulation of a set of matric equations involves 
only incidentally the finding of the unknown quantities. More often 
the manipulation involves, say, the development of certain criteria 
between the known quantities in order that the system should perform 
in some desired manner. Or the manipulation may involve a search 
for a new equation that includes say less concepts, or more details, or 
covers more systems, etc. The variety of the manipulations of matric 
equations is at least as wide as that of ordinary equations. In fact, 
matric equations are manipulated for more reasons than ordinary equa- 
tions are, since the organization of quantities into m-way matrices 
introduces additional concepts, that are non-existent in the absence 
of such an organization. 


CHAPTER III 


THE SECOND GENERALIZATION POSTULATE 


I. THE CREATION OF NEW MATHEMATICAL ENTITIES 


(a) In the previous chapter the First Generalization Postulate was 
introduced showing that, if a set of ordinary equations is represented as 
one matric equation, the latter has the same form for any number of 
degrees of freedom as for one single degree of freedom. (In case of 
several matric equations, they have the same form as the similar num- 
ber of ordinary equations that represent the simplest analogous sys- 
tem.) This postulate leads to great savings in thought and labor in 
setting up the equations and in manipulating them. 

However, as soon as a set of equations is set up, not haphazardly, 
but in a systematic manner in terms of n-way matrices, the resulting 
equation immediately calls into existence three interrelated concepts 
that have hitherto been hidden from view in the unorganized manner 
of attack of engineering problems. These concepts occupy the central 
foreground of modern physical and mathematical analysis. The three 
concepts are: 

1. Transformation. 

2. Invariance. 

3. Group. 

With the systematic introduction of these concepts begins the study 
of what ts known as “‘ tensor analysis "' or ‘‘ absolute differential calculus.” 
The ideas developed hitherto are useful in the understanding of tensor 
analysis but they themselves are not yet tensor analysis. 

(5) It will be shown that the organization of a set of quantities into 
a single n-matrix and its representation by a single central letter Aas, 
signifies far more than just the introduction of a shorthand notation 
and a labor-saving device. The organization of a set of quantities and 
the simultaneous introduction of the concepts of ‘ transformation,” 
‘“ snvartance,” and ‘‘ group" represent the creation of an entirely new 
mathematical entity A apy, that is endowed with properties that its building 
blocks, the ‘‘n-matrices"’ or their ‘‘ components,” do not possess. The 
creation of new entities from a mere collection of n-way matrices by means 
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of ‘organization,’ and the endowment of these new entities with new 
properties, constitute the underlying purpose of tensor analysis. 

This creation is of the same nature as building out of a conglomer- 
ation of atoms a new entity, a molecule, which is endowed by the mere 
process of organization with new characteristics, new properties, that 
its component parts, the atoms, do not possess; it is of the same 
nature as the organization of a community of people into a state, having 
functions that none of its constituent members has. The creation of 
these new mathematical entities and the endowment of these entities 
with new properties are equivalent to discovering in the corresponding 
physical (or geometrical) phenomena new physical (or geometrical) 
entities obeying new physical laws. 

(c) It cannot be emphasized sufficiently that an n-way matrix itself 
4s not a new mathematical entity. That is, the fact that the various 
currents in a system are represented by one symbol i, the voltages 
by e, and the impedances by z does not represent a creation of new 
entities, neither does the fact that the current i is imagined to be repre- 
sented by a point in an n-dimensional space. An n-way mairix is 
just a shorthand notation, a labor-saving device, but it has as yet no 
additional properties that its components themselves do not possess. 
For instance, both have rules of manipulations associated with them; 
that is, both 2-matrices and their components can be added, multiplied, 
differentiated, etc. The situation of using m-matrices is analogous to 
using a steam shovel where previously many laborers with pick and 
shovel were employed. The single steam shovel does the same work 
but more systematically and faster (and with less labor trouble) that 
laborers can do with a large number of picks and shovels. 

In order to endow an m-way matrix with hitherto non-existent 
characteristics, and thereby to create a new mathematical entity, 
4t ts absolutely necessary to introduce a new content into a matric equation 
that the corresponding ordinary equations do not possess. This new 
content is introduced with the aid of the three interrelated concepts 
of “‘ transformation,” “ invariance,’ and “ group.” 

(d) It is also emphasized that it is not necessary to use -matrices 
in order to introduce these new concepts and contents into the analysis. 
In fact, no textbook or publication on tensor analysis employs n-way 
matrices as a stepping stone to introduce this new method of reasoning. 
The textbooks simply use expressions such as a ‘“‘set of 2° quantities,”’ 
without arranging them into a cube with 2 rows, columns, and layers, 
merely writing the eight quantities in a row side by side. Of course, 
the fixed indices take care of their correct manipulation. 

However, the experience in working out numerous engineering 
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problems with this new method of reasoning has led to the systematic 
use of rows, squares, and cubes in the actual calculations, which is 
also employed in this volume. But their use has little to do with 
tensor analysis; it only facilitates its presentation and application. 


Il. THE “SECOND GENERALIZATION POSTULATE” 


(a) When a current 7 flows in a single stationary coil (or mesh) 
Ohm's law gives its equation of voltage as 


€ = 2 3.1 


The concepts occurring in the equation are three in number, namely 
é, 2, and ¢. 

When any number of stationary coils with any type of mutual 
impedances between them are interconnected into a network with n 
meshes, the First Generalization Postulate states that the equation of 
voltage of the set of coils has the same form as that of the single cotl 
except that each quantity e, z, and ¢ is replaced by some appropriate 
n-matrix of various dimensions e, Z, and i, giving the resultant equa- 
tion of voltage of the whole system with degrees of freedom as 


e= Zi | Ca = Zapt? 3.2 


Suppose now that the interconnection of the coils is destroyed and 
the individual coils are interconnected into a mesh network in a dif- 
ferent manner, without, however, destroying or changing the individ- 
ual self- and mutual impedances. The question is now: What is the 
equation of voltage of the new system in terms of m-matrices? 

A fundamental assumption of tensor analysis states: 

1. The new system has the same number and types of n-matrices as 
the old system (namely e’, z’, and i’) but they now have different compo- 
nents. 

2. The equation of the new system in terms of n-matrices 1s exactly 
the same as the equation of the old system, namely, it is 


ef = 72/si/ | Car = Sap tl! 3.3 


3. The n-maitrices of the new system may be established from those of 
the old system by a routine transformation. 

These statements, or their equivalent, will be called the ‘‘ Second 
Generalization Postulate.” 

That is, in changing over to a new interconnection, no new types 
of #-matrices are introduced and the arrangement of the existing ones 
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is not changed. The only difference is that the existing n-matrices e’ 
and z’ have different components from those that they formerly had and 
that the variables i are changed to new variables i’. 

The step in going from one type of interconnection to another type 
will be called a ‘‘ transformation" or (to employ a phrase that is 
much used, but is not quite descriptive of this step) a ‘‘ transformation 
of the reference frame.”” It may also be called a ‘“‘ change of variables " 
since the set of variables i changes to another set of variables i’. 

If the new interconnection is again changed to another one, that is, 
if a new transformation is introduced, the set of equations describing 
the third arrangement of coils are still 


e ealt 
el! = gz! .j” | Can = Zar grt 


where now e” and z” have again different components and i” repre- 
sents still different sets of variables. (The use of the upper index in 
28 will be explained later. ) 

(6) As another example of the use of the Second Generalization 
Postulate let the equation of voltage of a single moving coil be: 


_Ri 
c= ht a tw 


where Ri is the resistance drop in the coil, d¢/dt is the voltage induced 
in the coil as the result of the time variation of the flux lines ¢ linking 
it (assuming the coil stationary), and where ww is the voltage generated 
in it owing to its motion through the flux density y with an instan- 
taneous velocity v (assuming the flux lines constant in time). The 
concepts occurring in the ordinary equation are seven in number, 
namely ?, v, €, 1, ¢, ¥, and R. 

Next, instead of one coil let several coils with mutual inductances 
between them move all with the instantaneous velocity v. Let these 
moving coils be, say, those of an alternator. The First Generalization 
Postulate states that their equation contains seven 2-matrices, 
t, v, e, i, , fy, R, and it has the same form as the corresponding ordinary 
equation, namely 


_».., ‘2 1 Ua 
e=R its + Wo Ca Rast di + Wav 


Now, if these same coils are interconnected in any other manner 
with the aid of brushes, or slip-rings, or taps, etc., forming a new 
machine, say a shunt-polyphase commutator-motor, then the Second 
Generalization Postulate states that the equation of the new machine stsll 
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contains the same seven n-matrices and they are arranged in the same 
manner 
dd’ 


4 B’.3! pe 
@ Rvi+s, 


except that now the n-mairices e’, i’, R’, o’, and W’ have different compo- 
nents. But the form of the equation has not changed. 

For a third type of interconnection the equation still keeps its 
form except that the primes are replaced by double primes. There 
exists a large variety of interconnections (transformations) of n cotls for 
which the equattons keep thetr form. 

(c) As a third example, let the differential equation for the propa- 
gation of electromagnetic waves along a single conductor be 


doa 
+ W's! Ca = Rag it?’ + ae + Yar’ 


—-=Z Ye 
0x? 
containing the four concepts x, e, Z, and Y. 
If the waves travel along several parallel conductors, the First 
Generalization Postulate introduces the four n-matrices x, e, Z, ¥Y and 
gives their differential equation as 


076 
ox? 


= Lap Y5re¢,, 


When the conductors are joined together or are terminated, etc., 
in various manners, the differential equations of propagation are, by 
the Second Generalization Postulate, 

d7e’ 


par wave’ 


07eq: 
ox? 


= Za'p ye’ Vey 


These examples can be continued indefinitely. 

(d) In all these transformations it is tacitly assumed that in 
changing over from one system to another nothing 1s disturbed except 
the interconnection (consisting of infinitely short conductors having 
neither resistance, nor inductance, etc.). That is, during the trans- 
formation no new physical phenomenon ts introduced such as motion 
where none existed before the interconnection or an electrostatic 
field where none existed previously. 

Just because the number of physical concepts and their inter- 
relations remains unchanged, it is possible to keep the number of 
mathematical symbols and their interrelations also unchanged. It 
is one of the goals of tensor analysis in analyzing any physical problem 
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to establish only as many symbols as there are actually existing 
natural phenomena corresponding to them, and to interrelate these 
symbols in a parallel manner as the corresponding physical manifesta- 
tions are interrelated. That is, im the equations of tensor analysis: 

1. Each symbol (base letter) corresponds to a physical or geometrical 
entity. 

2. Each operation on the symbols corresponds to an analogous physical 
or geometrical relation existing between the entities. 


Il. THE CONCEPT OF ‘‘GEOMETRIC OBJECT” 


(a) The Second Generalization Postulate states that a single 
symbol A stands not for a single n-matrix, but for a large number of 
n-matrices, each having the same dimensions and the same number of 
axes, but different components. 

From now on, each symbol or base letter will stand for an infinite 
number of n-matrices that will be considered to form a new mathematical 
entity, called the ‘ geometric object.'’ The particular n-matrix under 
consideration will be represented by the variable tndices (having primes 
or double primes, etc.) attached to the base letter. That is, in each refer- 
ence frame with each geometric object is associated an n-matrix which 
gives the components of the geometric object in that particular reference 
frame. As the reference frames vary, the components of the geometric 
object (identified by the indices) also vary, but the geometric object 
itself (represented by the base letter) remains unchanged. 
~~ In physical problems a ‘‘ geometric object '’ stands for some physt- 
cal object, as the velocity vector of a moving body or stresses in a 
deformed body. The expression ‘‘ geometric object ’’ used for A apy 
could just as well be replaced by ‘‘ physical object ”’ or ‘‘ mathematical 
object.’ The geometrical nomenclature 1s retained in tensor literature 
since these concepts were first developed in conjunction with geometri- 
cal problems. 

Hence the components of the velocity vector v* of a point measured 
along a particular reference frame are v®’, along another frame its 
components are v2’’, along a third one they are v2’"’, etc. Although all 
these components are different, the velocity v of the point itself is 
unchanged. 

The representation of a ‘‘ geometric object"’ along a particular ref- 
erence frame includes not only the components that are arranged in a row 
or a square or a cube, but also the fixed indices themselves written alongside. 
That is, each time the components of a geometric object are given, it 
is absolutely necessary to state the reference frames along which the 
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~ ‘components are expressed. If the identifying indices along the com- 
ponents are omitted, only an ‘“‘7-matrix "’ is defined by the given com- 
ponents but not a ‘‘ geometric object.” For instance the expresston 
“matrix” refers to a set of quantities arranged in a rectangle, ignoring 
the fixed indices written alongside the rectangle. 

(b) With the introduction of the new entity—the ‘ geometric 
object "—in place of an “‘ 2-matrix,” a new terminology and notation 
will be introduced. The reason for each of these changes will be 
stated as the development of new concepts continues. In particular: 

1. In index notation an n-matrix is distinguished from a geometric 
object by enclosing the indices of the former in parenthesis as Z(a)()- 
That is, Zas is a geometric object having components in an infinite 
number of reference frames; Z,,)g) is an m-matrix having components 
in a single reference frame only. In direct notation no such differenti- 
ation exists since in simpler problems their manipulation 1s analogous. 

2. An equation in which each symbol stands for a geometric object 
instead of an n-matrix will be called an “invariant equation ’’ instead 
of a “ matric equation.” That is, an invariant equation as ¢, = Zast® 
is valid for an infinite number of physical systems, while a matric 
equation as €(.) = 2(q)(g)t(g) is valid for only one particular physical 
system having 7 axes. 

/, %. An n-dimensional geometric object will be called a ‘ geometric 
4 object of valence n.”" 
4. The expression ‘ current vector’ will be used for i, “ voltage 
vector "’ for e, ‘ tmpedance tensor ’’ for z, and “‘ admittance tensor ”’ for y. 

5. The current vector 7* and the admittance tensor y* will have 


upper instead of lower indices. 


c 
' IV. MATHEMATICAL REPRESENTATION OF A GEOMETRIC OBJECT 


(a) Strictly speaking, to represent a single geometric object (or 
physical object) mathematically it is necessary to show all its compo- 
nents along all the possible reference frames that may exist. That is, 
a geometric object 1s fully represented mathematically only by a large, 
usually an infinite, number of n-mairices. 

In practice this representation is accomplished in the following 
manner: 

1. Out of its infinite number of n-matrices only one is fully given by 
showing all its components. 

2. The particular reference frame along which these components 
are known is also given. 

3. All other possible reference frames along which the geometric 
object may possess components are defined. 
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4. A routine procedure, a “ formula,” is given by which the com- 
ponents of any one of the other infinite n-matrices may be calculated 
1n a routine manner, whenever they are needed. 

The ability to find any one of the infinite number of 2-matrices 
belonging to a geometric object whenever it is wanted is equivalent to 
completely defining the geometric object itself. 

(6) Summarized, a “‘ geometric object ”’ is defined if: 

\ 1. A particular n-matrix is given along one reference frame. 

‘, 2. All the axes of this particular reference frame are given. 

\ 3. All the possible reference frames of the geometric object are 
defined. 

4. The formula for finding the various ”-matrices along the various 
reference frames is also given. 


V. THE TRANSFORMATION TENSOR 


(a) When an n-matrix representing the components of a geometric 
object along some reference frame is given, the particular axes are 
shown by placing fixed indices to each row, column, layer, etc., of the 
n-matrix. 

Each of the other reference frames 1s defined by a 2-matrix C = Co: 
called a “‘ transformation matrix '"’ (to be studied in detail in Chapter 
IV), that shows how the new reference frame (or system) differs from 
the original reference frame (or system). Each new reference frame 
has its own transformation matrix C2. relating it to the old reference 
frame, hence with every geometric object a whole group of transforma- 
tion matrices is associated. The totality of all transformation matrices 
forms one entity, the ‘ transformation tensor ’’ C%:. 

The formulas by which the components of the geometric object 
along all the other reference frames are found are called ‘ transforma- 
tion formulas "’ or “‘ equations of transformations "’ or ‘‘ laws of trans- 
formation.”” Each geometric object Aas, has its own law of trans- 
formation that involves only A ag, and the transformation tensor C%-. 

Hence the concept of ‘ geometric object ”’ involves the following 
additional concepts: 

1. An z-matrix (or a set of k* quantities). 

2. A group of transformation matrices. 

3. A law of transformation. 

(b) In terms of these new concepts, the Second Generalization 
Postulate may also be stated as follows: 

If the matric equation of the physical phenomenon taking place in 
a particular system (or reference frame) with any number of degrees of 
freedom 1s known, then this same equation ts valid for an infinite variety 
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of similar systems (or reference frames) in which the same physical 
phenomenon takes place, if each n-way matrix is replaced by a geometric 
object. The components of each geometric object along any of the new 
systems are found from those of the original system by routine ‘‘ formulas 
of transformation” with the aid of a ‘‘ transformation tensor" Co. 

“~ (¢) Hence by the Second Generalization Postulate the analysis of 
any new system consists of the following steps (if the invariant equa- 
tion of one system already has been established): 

1. Find the transformation matrix C of the new system, showing 
how it differs from the old system. 

2. Find the new components of the geometric objects for the new 
system by using the transformation formula of each geometric object. 

When the new system or reference frame differs in some essenttal 
manner from the old system (for instance, the junctions vary in time 
instead of being stationary or the reference frame is no longer recti- 
linear), then the equation of the new system has a different form. 
Later on other generalization postulates will be developed to take 
care of this fundamental dissimilarity of the old and the new systems 
or reference frames. 

(d) In order to avoid lengthy and roundabout expressions of 
stating each time that a given set of k" quantities (n-matrix) represents 
* the components of the geometric object A along the given reference frame " 
it will often be stated in its place that the given n-matrix represents 
‘the geometric object A.”’ (If the fixed indices alongside the n-matrices 
are assumed to represent unit vectors along the axes, the n-matrix plus 
the unit vectors do represent the geometric object.) 


VI. THE PURPOSE OF THE GENERALIZATION POSTULATES 


(a) Summarizing the statements of the previous section: 

1. The First Generalization Postulate changes an ordinary equa- 
tion valid from one (or a few) degrees of freedom to a matric equation 
valid for m degrees of freedom; that is, it generalizes a phenomenon 
from one (or a few) axes to any number of axes. 

2. The Second Generalization Postulate changes a matric equation 
valid for one particular reference frame to an invariant equation valid 
for an infinite variety of other reference frames of the same type. 

3. The remaining generalization postulates will change an invariant 
equation valid for one type of reference frame to tensor equations valid 
for several other types of reference frames (say both rectilinear and 
curvilinear axes, or stationary and moving axes, and so on). 

(6) These postulates have been formulated in these pages in order 
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to reduce to a few routine standardized steps the mental labor needed 
to formulate the large variety of engineering problems. Generally 
speaking, the analysis of engineering problems in terms of ordinary 
equations requires an entirely new procedure, a new physical picture, 
etc., for each particular system to be analyzed, with very little reference 
to the analysis of other systems. For instance, each rotating electrical 
machine has a different theory (as a glance into any textbook will 
show), so that engineers specializing, say, in induction-motor analysis 
know little about the analysis of the salient-pole alternator, and vice 
versa. It is the purpose of this treatise to point out that the various 
types of rotating electrical machines or stationary networks or trans- 
mission systems, etc., are fundamentally identical; their equations 
differ only because the reference frames assumed are different in each case. 
Hence in learning the analysts of one particular machine or system the 
engineer learns at the same time the analysis of a large variety of analogous 
machines or systems. 

(c) It will also be shown in this treatise that stationary networks, 
rotating machines, transmission lines, etc., are not isolated types of 
structures whose theories and equations (even in the language of 
tensor analysis) are independent of each other. All engineering struc- 
tures may be looked upon as links of various dimensions in a single 
chain, which obeys one single law, which, however, manifests itself 
(mathematically) in different forms, for instance as the dynamical 
equation of motion of Lagrange on one hand and the field equations 
of Maxwell on the other. 

The attempt to preserve this unity of all equations of performance of 
engineering and non-engineering systems will manifest itself throughout 
this treattse. Networks, the subject matter of this volume, are con- 
sidered as the simplest possible links, namely, a collection of zero- 
dimensional (junctions) and one-dimensional (coils) links in a chain 
of multi-dimensional links. (Rotating machines will be considered as 
a collection of two-dimensional links, etc.) 

(d) It is emphasized, however, that it is not the sole purpose of 
tensor analysis to establish standardized steps to set up the equations 
for another set of reference frames or systems if they are known for 
one particular system. A still more important function of tensor 
analysis is to set up an equation in a form in which every symbol should 
correspond to an actually existing physical phenomenon in nature and 
not be just a figment of human imagination. 

Still another important function of tensor analysis is to set up 
equations in a form or to transform them to a reference frame in which 
they can be solved in the simplest possible manner, with exact or 
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approximate methods. In other words, a set of equations is to be 
transferred to a new reference frame or is to be brought to a new form 
not because it corresponds to a physical system, but because in that 
frame the algebraic, differential, or integral equations can be more 
easily visualized, or solved. 

(e) It should be noted that the ‘‘ Second Generalization Postulate" 

endows a matric equation with a new content that a set of ordinary equa- 
tions does not possess. That is, a matric equation is endowed with the 
additional property of being valid for a large variety of systems or reference 
frames, instead of just for one particular system or reference frame. 
On the other hand, a set of ordinary equations is valid only for one par- 
ticular system or reference frame, and tt cannot be endowed with this new 
interpretation. 

For instance, the ordinary equations of performance of, say, a 
series polyphase-commutator motor cannot by any stretch of the 
imagination be endowed with the additional property of representing 
at the same time the equations of performance of, say, a salient-pole 
synchronous motor with amortisseur windings. But, if their per- 
formance is expressed first in terms of m-way matrices and then the 
transformation tensor C changing the connection of one machine into 
the other is established (thereby changing the n-way matrices to 
geometric objects), then the same equation represents the performance 
of both machines and the ordinary equation of each machine can be 
established from that of the other by a routine calculation, without the 
aid of any physical analysis or other supplementary help. 

The key to the creation of these new entities (that is, to the endowment 
of x-way matrices with new properties) ts the concept of “‘ transformation 
tensar "’ C, whose study forms the matin interest of this volume. As the 
development continues throughout the treatise, the geometric objects will be 
endowed with additional properties and the invariant equations will be 
endowed with additional ‘‘ contents." 


VI. NETWORKS 


The simplest type of engineering structure consists of a collection 
of one-dimensional members (pieces of wires, bracings, pipes, etc.) 
jowned together at fixed points, on which forces (voltages, weights, etc.) 
are superimposed along the members and at the junctions. A system- 
atic study of such structures, called “ networks,"’ is the purpose of 
this volume. | 

Only special types of networks will be considered, namely, electro- 
magnetic networks. It will also be assumed that the superimposed 
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electromagnetic quantiites propagate instantaneously throughout the whole 
network; that is, the networks under consideration will have lumped 
design constants, instead of distributed constants. 

Although the study of networks is undertaken in the language of 
the electrical engineer, it is emphasized that the method of attack has 
little to do with electrical engineering. It can be applied with appro- 
priate changes of expressions (like force for voltage, etc.) to the study 
of mechanical networks also. The method of reasoning in its broad 
outlines has been borrowed partly from a branch of geometry called 
‘* topology "’ or “ analysis situs ’’ and partly from another branch called 
“* differential geometry.’’ The mathematical tool used in the reason- 
ing is “ tensor algebra "’ and “ tensor analysis.”’ 

The study of networks will be so formulated that it should serve 
as a logical stepping stone to the study of more complex engineer- 
ing structures, where the component members are more than one- 
dimensional, their joints are not fixed, the propagation is not instan- 
taneous, etc. 


VIll. THE BUILDING BLOCKS OF NETWORKS 


(2) Let several lumped coils, with electromagnetic couplings 
between some of them, be interconnected in any combination to form 
a network such as Fig. 3.1. The presence of leads at the junction 
points of the coils indicates that the ‘ network" is not an isolated 
structure but in the gen- 
eral case it forms part 
of a larger network 
from which it has been 
detached. That is, the 
leads themselves may be 
connected to other cotls, 
which, however, do not 
appear as part of the net- 
work under considera- 
tion. 

The following com- 


ponent parts of a net- Fic. 3.1.—A ‘‘Network” Detached from a 
work will be distin- Larger System 
guished: 


1. The “ coils "’ Zaa, Zw, that are joined together to form a network. 
There are 15 coils in Fig. 3.1. 

2. The two ends of a coil, where it is joined to other coils, called 
“ junctions.”” In connecting » coils into networks always the 2n 
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junctions are joined together, thereby decreasing their number. When 
two or more junctions are connected with an impedanceless wire 
such as I and J, they will be considered to form only one junction. 
There are altogether 12 junctions on Fig. 3.1. (The junctions are 
also called ‘‘ vertices,” or ‘‘ nodes,” or ‘‘ branch-points.’’) 

These two concepts, ‘‘ cotls"’ and ‘‘ junctions,” are the butlding 
blocks of lumped networks. With the coils certain quantities (design 
constants), Zaz, Y**, etc., are associated, while the junctions are 
formed by conductors having neither resistance nor inductance. 

In this volume the limitation is put upon the physical nature of the 
lumped “‘ coils" of a network that thetr characteristics are not influenced 
by the superimposed electromagnetic quantities. Similar limitation is 
put upon the form of the mathematical expressions Zac, Y**. They 
may be real or complex numbers R, R — 7X, or functions of time 


R cos wt, or linear operators Ld/dt or [ , etc., but are not functions 
of electromagnetic quantities. 

The limitation is put upon the physical nature of the juncitons 
between the coils that the interconnections momentarily do not vary in 
time, the junctions are fixed, at least at the instant under consideration. 

The interconnections are assumed momentarily stationary; the 
conductors forming the coils, however, may have an instantaneous 
velocity, as in a rotating machine with stationary reference axes. 

(6) In a given network it is important to note how many tnde- 
pendent component-networks, or ‘‘ sub-networks,’’ can be distinguished, 
having no phystcal connections with one another. However, electrical 
or magnetic coupling may exist between the sub-networks. In Fig. 
3.1 the number of sub-networks is three. 

The number of coils is denoted by a1, the number of junctions by 
ao, and the number of independent sub-networks by Ro. 


IX. THE ANALYTICAL UNITS OF A NETWORK 


The two physical units of networks, namely, the coils and junctions, 
do not by themselves suffice for the analytical study of networks. 
Certain combinations of these untts are necessary for their performance 
analysis. These new units are: 

1. Any closed circuit traced through the network, called a “‘ mesh,” 
such as BEF or BEHGF. 

In finding the minimum number of meshes of a network, each coil 
must be traced out at least once. The number of meshes in Fig. 3.1 
18 Six. 
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2. Any two junctions located on the same independent sub-network, 
called a ‘‘ junction-pair,’’ such as B—E, F—H, B-J, L-M, etc. 

In finding the minimum number of junction-pairs, each junction 
must be included at least once. The number of junction-pairs in 
Fig. 3.1 is nine. 

It will be assumed that the expressions ‘‘ mesh ’’ and “ junction- 
pair ’’ will also include the direction in which they are traced out. 
That is, the mesh BEF is the negative of mesh FEB; similarly the 
junction-pair E-K is the negative of the junction-pair K—E. Hence 
with every mesh and junction-patr ts associated the concept of ‘‘ ortenta- 
tion.” 

The number of meshes of a network is denoted by » and the number 
of junction-pairs by p1. 

(a) The five concepts hitherto introduced, namely ao, a1, Ro, 
H, and p1, are not independent of one another. The following two 
relations should be remembered :* 

1. The number of junction-pairs of a network ts equal to the number 
of junctions minus the number of sub-networks. ‘That is, 


2. The number of coils forming the network ts equal to the sum of the 
number of meshes and the number of junction-patirs. Thatis, 


In the network of Fig. 3.1 


Pl =~ ao — Ro gives 9 = 12 — 3 
and 
a, =p+tp, gives 15=64+ 9. 


Before any network can be analyzed, either its number of meshes 
or its number of junction-patrs or both must be known, depending on 
what are assumed as variables. In complex networks the quickest 
procedure is to find first the number of junction-pairs (number of 
junctions minus number of sub-networks) then to find the number of 
meshes (number of coils minus number of junction-pairs). 


*For proof of these relations see Veblen: Analysis Situs, Am. Math. Soc. 1931, 
pp. 15 and 18. 
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X. ANOTHER PHYSICAL INTERPRETATION 


Often it is found advantageous to replace the concept of ‘ mesh" 
and ‘‘ junction-pair '" by another set of concepts that are analogous to 
them and give the same answer but represent a different physical picture. 
These analogous sets are: 

1. The “‘ branch" representing those parts of a network 1m which 
the same current flows. A branch may consist of one coil, or several 
coils in series, or it may consist of a conductor connecting two junc- 
tions and changing them into one junction. A branch quantity may 
replace a corresponding mesh quantity in all analysis, as will be shown 
later. 

2. The “‘ open mesh" representing any circuit through the coils 
that starts at one junction of a junction-pair and ends at the other 
junction. The open-mesh circuit includes also the leads at the 
junction-pair. In all analysis the open mesh may replace the corres pond- 
ing junction-pair. In Fig. 3.1 an open mesh of the junction-pair E-F 
consists of coils Zix, Zpp, and Z,,, or coils Zs, Zge, Zmmy Zany and Zoq, 
or it consists of the single coil Z,,, etc. 

Summarized, the following network concepts have now been intro- 
duced: 

1. The network itself and its sub-networks. 

2. Coils and junctions. 

3. Meshes and junction-pairs. 

4. Branches and open meshes. 


XI. THE SUPERIMPOSED ELECTROMAGNETIC QUANTITIES 


(a) The question arises: Why is it necessary to introduce the 
concepts of “ mesh ” and “ junction-pair ”’ ? 

Now, as long as the network is unexcited there is no need to intro- 
duce these concepts. They become necessary only when electromag- 
netic quantities, say voltages or currents (or both), are superimposed 
upon the network. 

Two types of superimposed quantities will be assumed to exist on a 
network: 

1. Impressed quantities that originate outside the network. 
2. Response quantities representing the reaction of the network to 
' the impressed quantitites. 

Both impressed and response quantities may be either voltages or 
currents or both. 

(b) Let it be assumed first that in a network with 2 coils and 
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k meshes a single voltage e, is impressed in series with a coil (Fig. 3.2). 
As a response, in each of the coils a different current 72, 7°- - - flows. 

Now these currents are not independent of one another. It is 
sufficient to determine only k of them by setting up & equations and 
solving them for the k& un- 
knowns; that is, 7 1s sufficient 
to determine first only as many 
of the response currents i as 
there are meshes tn the network 
as shown in Fig. 3.2. The 
others are easily determined 
from these, without solving 
any equations. 

(c) Instead of the voltage 


let a current J* be impressed L —STOOTTTT—— M 
across a coil of the same net- Fic. 3.2.—Impressed Coil-voltage ea and 
work (Fig. 3.3). (That is, Response Mesh-currents i 


let J* flow into one of the 
junctions and J* flow out of its other junction.) As a response, in all 
the coils a difference of potential E., E,- - -appears. 

Again, these » differences of potentials are not independent of one 
another. It is sufficient to determine first only 2 — k of them by 
setting up n — k equa- 
tions and solving 
them for the 2 —k 
unknowns. That ts, 2é 
as sufficient to deter- 
mine only as many of 
the response differences 
of potential E as there 
are junction-pairs in 
the network, as shown 
in Fig. 3.3. The others 
13 are easily determined 


oT from these. 
—E;,—— (d) If, instead of 


Fic. 3.3.—Impressed Junction-current I* and Response a single voltage ¢a, ” 
Voltages E different voltages e 


are impressed in series 
with the 7 coils, still it is sufficient to determine only k response 
currents i by setting up k equations. It makes no difference where 
these k currents flow, as long as they are independent of one another. 
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Similarly, if, instead of a single current J*, n different currents I 
are impressed across the 7 coils, still it is sufficient to determine only 
n — k response differences of potential E by setting up  — k equa- 
tions. Again it makes no difference where these » — k potentials are 
assumed, as long as they are independent of one another. 

Hence, when voltages e are impressed in series with the coils, as 
many equations are set up to find the response currents i as there are 
meshes. Similarly, when currents I are impressed in shunt with the 
coils, as many equa- 
tions are set up to find 
the response differences 
of potentials E as there 
are junction-pairs. 
When both voltages e 
and currents I are im- 
pressed (Fig. 3.4), then 
(in general) as many 
equations are set up to 
find the response quan- 
tities i and E as there 
are coils. 

Fic. 3.4.—Impressed Coil-voltages e and Junction- (e) To summarize: 
currents I for purposes of analysis 
it is assumed that: 

1. The tmpressed quantities e and I appear on the physical units 
of the network, namely e on the coils and I on its junctions. 

2. The response quantities i and E appear on the analytical unit 
of the network, namely i around the meshes and E across the junction- 
pairs. 

Since there are 7 actually impressed voltages e and only k response 
currents i, in setting up the k equations the n impressed voltages e are 
replaced by k voltages around the meshes. Similarly since there are n 
actually impressed currents I and only ” — k response voltages E, in 
setting up the m — k equations the n impressed currents I are replaced 
by n — k currents across the junction-patrs. 

(f) The twmpressed quantities e and I may be looked upon as 
discontinutties introduced in the response quantities, namely, in the 
potentials E along an open mesh and in the current i around a closed 
mesh respectively. 

From a thermodynamical point of view it is more logical to use 
withdrawn currents’ instead of ‘‘ impressed currents "’ by changing 
their sign, that is it would be more appropriate to assume that the 
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components of I represent currents flowing into outside loads. How- 
ever, impressed currents will be used in most places to follow the 
terminology of impressed voltages without a change of signs. 


XII. ARBITRARINESS OF THE NOMENCLATURE 


(a) In actual problems the ‘ impressed "’ currents I may flow into 
loads outside the system (that are not shown on the network diagram); 


nevertheless, for analytical 
purposes they are consid- 
ered as impressed currents. 
Similarly, the ‘‘ response ”’ 
differences of potentials 
may be actual impressed 
voltages, but they are as- 
sumed as response voltages. 

That is, in manipulat- 
ing the equations, tm pressed 
and response quantities will 
be made interchangeable 


(a) Changing E toe 
Fic. 3.5 


(b) Changing e to E 


by a change of sign, but in organizing the method of attack the distinc- 
tion between impressed and response quantities will be maintained. 


(a) Changing a Junction into a Branch 


(b) Changing the Number of Branches by “ Stretching” 


Fic. 3.6 


(b) The determi- 
nation of what should 
be called a ‘‘junction”’ 
and what a “coil” 
often is quite arbi- 
trary. For instance, 
one coil may be di- 
vided into two coils in 
series by introducing 
a junction. 

Also whether an 
ampressed voltage 1S 
to be considered a cotl 
or a junction-patr volt- 
age 1s quite arbitrary. 
A junction-pair volt- 
age may be considered 
as a coil voltage by 


assuming that an impedance of zero value is in series with it (Fig. 
3.5@). Similarly, a coil voltage may be assumed as a junction-pair 
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voltage by assuming the two terminals of the voltage as two junctions 
forming a junction-pair, Fig. 3.50. 

(c) It is also possible to change any junction into a branch with 
zero impedance, and vice versa, by simply stretching the point out 
into a line, and vice versa, as shown in Fig. 3.6a. That is, the number 
of branches in which currents flow can be varied arbitrarily by adding 
or subtracting impedanceless branches. 

Two networks transformable into one another by stretching are 
shown in Fig. 3.6. In the left-hand network there are seven branches; 
in the right-hand network, five branches. 


XII. THE TWO TYPES OF VARIABLES 


In setting up the equation of performance of any physical system 
the question of what quantities are known and what are unknown in a 
given problem is temporarily unimportant. The important point is 
to decide what quantities may be assumed to be variable and what are 
fixed. Only when the equations have been once established, does the 
role of unknown quantities begin. 

In setting up the equations of performance of networks, either of two 
different quantities may be assumed as variables (that, however, are not 
necessarily unknown), namely either of the two response quantities: 

1. The currents i (4") flowing around the meshes. 

2. The ‘‘ differences of potential”’ E (E,) appearing across the 
junctton-patrs. 

Maxwell in his ‘‘ Electricity and Magnetism ”’ gave both methods 
of attack, but omly the first method 1s used generally by engineers. The 
second method is used only incidentally, and there appears to be but 
one modern textbook, by Herzog-Feldmann, which uses the second 
method consistently. 

The reasons for neglecting the second method appears to be 
numerous: 

1. Maxwell sets up the equations in terms of the “ absolute poten- 
tials '’ appearing at each junction and thereby introduces one more 
variable and one more equation than are actually needed. 

2. Maxwell then assumes the potential at one of the junctions as a 
reference potential ‘‘ the ground potential ’’ and calculates the dif- 
ferences of potential appearing between this particular junction and 
the other junctions. (In communication networks this reference 
junction is also called the ‘‘ datum ”’ point.) 

3. The method of reasoning followed in setting up the equations 
differs radically from that followed when mesh currents are assumed 
as variables. 
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The resultant equations are quite cumbersome; they lack the sim- 
plicity and flexibility of the mesh method of attack and can be used 
in practical problems only with difficulty. 

In this volume all the above limitations are avoided by the introduction 
of the concept of ‘‘ junction-patrs.'"’ Wa4th tts aid 1t 1s possible to assume 
the ‘‘ differences of potential’’ appearing between any two points of the 
network as the (known or unknown) variables, thereby allowing great 
flexibility in the analysis and in its application, and tntroducing com- 
plete parallelism with the mesh method of analysis. It will be found 
that often the concept of “‘junction-pair’’ is of greater utility to the 
engineer than the concept of ‘‘ mesh,’’ since the voltages and currents 
across a junction-pair are actual, physical quanitttes, whereas the 
voltages and currents in the meshes are hypothetical quanttttes. 


XIV. THE THREE TYPES OF NETWORK PERFORMANCE 


(a) There are three ways of looking at any network: 

1. A network may be considered as a collection cf meshes. In this 
case the variables are the currents i flowing in the meshes. 

2. A network may be considered as a collection of junction-patrs. 
In this case the variables are the differences of potential EF appearing 
across the junction pairs. 


(a) Typical Mesh Network (6b) Typical Junction Network 
Fic. 3.7.—Networks with 15 Coils 


Whether the mesh currents or the differences of potential should be 
considered as variables depends usually on whether the network has more 
meshes or more junction-pairs. A typical mesh network of 15 coils is 
shown in Fig. 3.7a@ containing 5 meshes and 10 junction-pairs 
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(15 = 5+ 10). A typical junction-network of 15 coils is shown in 
Fig. 3.7 containing 5 junction-pairs and 10 meshes (15 = 5 + 10). 

3. When a network operates under the most general operating condt- 
tions, instead of considering it as a collection of meshes or as a collec- 
tion of junction-pairs to obtain the simplest analysis, 2 has to be con- 
sidered as a collection of both meshes and junction-pairs. In this case 
the variables are the currents i flowing in the meshes and the differences 
of potential E appearing across the junction pairs. The maximum 
number of variables that may be assumed is the same as the sum of the 
number of meshes and junction-pairs, that is, as the number of coils. 

Owing to the orthogonal properties assumed by the meshes and 
the junction-pairs of such a network, the latter will be called an 
“* orthogonal network.” 

One and the same network may be looked upon as a mesh, or a junction, 
or an orthogonal network, depending on the assumed nature of the 
ampressed voltages or currents, as shown in Fig. 3.8. 


(a) Mesh Network (b) Junction Network (e) Orthogonal Network 
Fic. 3.8.—Types of Impressed Quantities 


(b) In index notation the following variable indices will be used to 
differentiate between these three types of networks: 

1. The meshes will be denoted by m,k, n---:. 

2. The junction-pairs will be denoted by z, v, w---. 

3. Both meshes and junction-pairs will be denoted by a, B, y:° >. 

The three types of network will have analogous methods of attack. 


XV. SUMMARY OF THE ‘“ EQUATIONS OF PERFORMANCE” 


(a) Each type of network has a different ‘‘ equation of perform- 


ance.”” In particular: 
1. In analyzing a network as a collection of meshes, the equation 


to be set up first is the equation of voltage 


e = Zej | Cm = Smnt™ 3.3 
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where the variable isi. The number of ordinary equations is the same 
as the number of meshes. 

2. In analyzing a network as a collection of junctton-pairs the 
equation to be set up first is the equation of current 


I=Y-E | [IX = YE, 3.4 


where the variable is E. The number of ordinary equations is the 
same as the number of junction-pairs. 

3. In analyzing a network as a collection of both meshes and junc- 
tion-patrs, the equation to be set up first is either the equation of 
voltage 


Ete=z- (i+) [| Eatea = Seat? + I*) 3.5 
or the equation of current 
i+I=Y-(E+e) | je 4+ Je = Yob(fig + ey) 3.6 


where the variables are both i and E. The number of ordinary equa- 
tions in the two cases are not necessarily the same. In the most 
general case their number is the same, namely. the sum of the number 
of meshes and junction-pairs. 

(b) It 1s emphasized that the points of view of considering a given 
network as a collection of meshes only, or as a collection of junction-patrs 
only, are special cases and are due to the special assumptions as to the 
nature of the impressed quanitties that are known or of the response quan- 
tities that are to be found. Every network actually is a collection of both 
meshes and junction-pairs having as many degrees of freedom as there 
are cotls, and the leads at the junctions (shown in Fig. 3.1) ortginally 
belong to the network. ) 

It ts also emphasized that the equation of performance of a network 1s 
not simply a generalized Ohm's law, e = z*i, containing three concepts, 
but the more general equation of voltage E + e = z+(i + I) containing 
five concepts that reduces to Ohm's law as a special case. The general 
equation of voltage cannot be replaced by sucha simplified form as @ = Z° i, 
either mathematically or physically, except in special cases. Ina general 
network four distinct electrical concepts appear, e, I, E, i, and their num- 
ber cannot be reduced. 

(c) Of course, in most problems the number of variables and the 
number of unknowns are not necessarily the same. Also the number of 
equations available is usually not the same as the number of variables. 
This difference in the number of equations, the number of variables, 
and the number of unknowns is responsible for the large variety of 
manipulations possible with a set of equations. 
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(d) The systematic study of networks will be undertaken in the above 
order. That is, first mesh networks will be studied representing one 
extreme case of performance, then junction networks representing the 
other extreme case, and finally orthogonal networks in which both 
mesh and junction voltages and currents exist. 

Also it will be assumed first that in all three cases the number of 
unknowns is the same as the number of equations that are established, 
leading to the simplest type of manipulations. Afterward any number 
of unknowns will be assumed, leading to more complicated 
manipulations. 


XVI. TYPES OF NETWORKS 


There are networks which by the nature of their engineering applica- 
tion are to be considered either as mesh or as junction networks. In 
particular: 

1. Multtwinding transformers, transmission lines, and rotating elec- 
trical machines are primarily ‘‘ mesh" networks. Their design con- 
stants, that are calculated from their structure, are the self- and mutual 
impedances Z, and their equation of performance is set up as e = Z°i. 

2. Multtelectrode vacuum tubes are primarily “ junction "’ networks. 
Their design constants are the self- and mutual admittances Y, and 
their equation of performance is I = Y-E. 

3. Communication, distributton, and general static networks may be 
considered either as “‘mesh"’ or as “junction” networks or as 
“* orthogonal "’ networks since most of their elements consist of a lumped 
impedance Z, whose admittance is Y = 1/Z. 

It will be found that the consideration of a communication, distri- 
bution, or any general network as a “ junction’ network offers far 
more variety of manipulations than the mesh point of view. Also the 
concepts offered by the junction point of view correspond more closely 
to the problems that arise in engineering practice. 

Also it may be stated that in general: 

1. Purely magnetic networks, or electrical networks interlinked with 
magnetic networks, are primarily mesh networks. 

2. Purely electrostatic networks, or electrical networks inter- 
connected with them, are primarily junction networks. 
3. Electrical networks interlinked with both magnetic and electro- 
static networks are primarily orthogonal networks. 
It will be also found that in problems of synthesis (where the per- 
formance is given and the network is to be constructed) all networks 
have to be considered as “ orthogonal’ networks in order to pass easily 
from one network to another. 
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XVII. THE CONCEPT OF ‘' PRIMITIVE SYSTEM” 


The Second Generalization Postulate states that, if the components 
of the geometric objects, say ¢a, Zas, T'apy, etc., of one particular system 
are known, then for any other system of the same type (infinite in 
number) the new components of the geometric objects can be estab- 
lished in a routine manner with the aid of a transformation tensor C. 
The equations of performance of all systems of the same type are the 
same in terms of geometric objects. 

It should be noted that it is entirely immaterial what that par- 
ticular system is whose geometric objects and invariant equations are 
assumed to be known. On the other hand, before the postulate can be 
applied it 1s absolutely necessary that the equation of performance of at 
least one particular system should be known already tn terms of geometric 
objects and also the components of the geometric objects for this particular 
system. Then this system can be used as a Starting point for the calcula- 
tion of all the other systems. 

Now, when the performance of a large number of systems is to be 
analyzed, it seems the logical procedure to select out of the large 
variety of systems one particular system, for which: 

1. It is comparatively easy to set up the components of the various 
geometric objects éa, Zas, T'asy, etc., that are needed for certain per- 
formance calculations. 

2. It is comparatively easy to set up the various tansformation 
tensors Co: representing the difference between this system and any 
of the other systems. 

3. It is comparatively easy to calculate the new components of the 
various geometric objects €a’, Za’g’, D'ag’y’, etc., of all the other systems 
that also are to be analyzed. 

This particular system, selected out of the large vartety of systems, 
to be used as a starting point will be called in thts treatese the ‘‘ primitive 
system.” 

Stationary static networks, vacuum tubes, rotating machines, 
transmission lines, etc., each will have its own primitive system. In 
general there will be as many different types of primitive systems as there 
are different types of invariant equations. Or in other words there are 
as many types of primitive systems as there are different types of: 

1. Fundamental systems to be analyzed. 

2. Points of view to be employed. 

Also, as more and more details of the systems are to be considered, 
the primitive system itself may assume increasingly more complex forms 
parallel with the actual system. 
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It should be most emphatically understood that one is at liberty to 
select any one of the large variety of systems as the starting point, that 
4s as the primitive system, and derive from its performance the per- 
formance of all the other systems. The selection of some particular 
system as the primitive system is a question of personal judgment 
whether that system satisfies one or more of the above-mentioned 
considerations or some other particular conditions. 

Later on, many occasions will arise to derive the performance of 
a new system from that of some other system instead of the primitive 
system because of the greater simplicity of calculations afforded by 
such a selection or because of other considerations. Hence the use of 
the primitive system as a starting point in the analysis ts only a con- 
ventence, not an absolute necessity. 

But whatever system is used as the starting point to find the per- 
formance of one or more new systems, in all cases the calculations are 
of a routine nature and require the same steps for each new system, 
namely: 

1. A transformation tensor C is established. 

2. The new components of the various geometric objects are cal- 
culated with the aid of “‘ transformation formulas.”’ 

3. The equation of performance already established for the gen- 
eralized system remains unchanged. 

4. The invariant equation is mantpulated for various reasons. 

5. The equation is solved for the unknowns, if there are any. 

This last step, of course, sometimes may encounter insurmountable 
difficulties depending on the type of equations that have been estab- 
lished. Quite often it happens that a set of equations that appears to 
be insoluble yields an easy solution as soon as a new, more appropriate 
reference frame is introduced. 


XVII. THE PRIMITIVE ‘‘ MESH” NETWORK 


(a) It is shown in Section X that, in setting up the equations of 
performance of lumped networks with stationary interconnections, three 
different points of view may be employed for each network: 

1. The mesh currents i are assumed as variables. 

2. The differences of potential E appearing across junction-pairs are 
assumed as variables. 

3. Both mesh currents i and differences of potential E are assumed 
as variables. 

The first point of view assumes the network of coils as a collection 
of k meshes, the second point of view as a collection of n — k junction- 
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patrs, and the general point of view as a collection of both k meshes and 
n — k junction-pairs. The first two points of view are spectal cases 
of the last point of view. 

It will be shown that orthogonal networks with n coils may be 
analyzed either as mesh networks with 2 (or less) meshes or as junction 
networks with 2 (or less) junction-pairs; hence 2¢ will be sufficient to 
set up two types of primitive networks, namely a primitive ‘ mesh" 
network and a primitive “ junction’ network, representing the two 
extreme cases of coil arrangements into networks. 

(6) The question now arises: What is the simplest network that 
consists of a collection of m coils and k meshes? 

The answer is quite obvious in this case. <A set of individual 
coils each short-circuited upon itself (shown in Fig. 3.9) is the simplest 


Fic. 3.9.—The “ Primitive’ Mesh Network 


possible collection of 7 coils in m meshes. Hence a Set of n individual 
coils without any interconnection between them will be assumed as the 
‘‘ primitive mesh network.’ Some or all of the coils may have asym- 
metrical mutual impedances between them. 

It should be noted that, in establishing the primitive network with 
n coils and n meshes as a starting puint for the analysis of a network 
with 2 coils and k meshes, it is tacitly assumed that the number of 
meshes k (and the number of junction-pairs » — k) of a network 1s 
not a determining factor for its analysis. The only determining factor 
4s the number of coils n, which is kept unchanged for both actual and 
primitive networks. That is, when a physical network is given it is 
possible to change arbitrarily its number of meshes and its number of 
junction-pairs together by assuming junctions to exist between a gen- 
erator and a coil, etc. (The number of coils 7 may also be changed 
though by assuming coils with zero impedance, or dividing one coil 
into two coils in series, etc.) 

(c) Once the primitive mesh network has been established, the 
next step is to set up the various geometric objects that play a part in 
its physical analysis, then to set up its equation of performance in 
terms of these geometric objects. 

In accomplishing these steps the First Generalization Postulate is 
used as a guiding principle by analyzing first the simplest unit of the 
primitive network as follows: 


88 THE SECOND GENERALIZATION POSTULATE 


1. The simplest unit of the primitive mesh network is assumed to 
be one mesh. 

2. The concepts necessary for its performance analysis are e, 1, 
and zs. The limitations of Section VI(a) are made about the form of e, 1, 
and z. They may be transient or steady-state, time functions, or 
they may be linear operators, etc. 

3. Its equation of voltage is e = 21. 

Now repeating the same steps for the primitive network: 

4. The primitive network is established as a collection of 2 simple 
units. 

5. The three geometric objects of the primitive mesh network with 
n meshes are (see also Section IV, Chapter I) 


a b c.Uw.wweCi 


aed en 3.7 


e= Ca 


| & 


3.8 


3.9 


The impedance tensor z in general is not symmetrical and the 
two mutual impedances between two elements Z. and Z;,, may be 
different in the two directions. For instance, in a rotating machine 
Zac is zero while Z,, is not zero, so that the form of the impedance ten- 
sor Zz of its primitive network with four coils is: 


a b Cc d 


al Zoe | Zab 0 

bl Zo | Zw | Zoe | Zea 
Zea | 2d | Zee | Led 

d Zac | Zad 


3.10 


Again it is emphasized that the components of the various geometric 
objects may assume a large variety of forms. They may be constants, or 
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tame functions, or linear operators, etc. Even in case of coils with self- 
and mutual inductances only, the components Za, Za» do not neces- 
sarily have to be the standard self- and mutual reactances measured 
in ohms. They may be any hypothetical design constants, as will be 
shown in the study of multiwinding transformers. 

6. The equation of voltage of the primitive mesh network in terms 
of geometric objects is: 


e= Zi | em = Zmni” 3.11 


The single invariant equation is equivalent to the set of ” ordinary 
equations of voltage 


Ca = Zaatl* + Za? + Lact? = -Zent” 
= Lrat* + Ly?” + Loot® +-- -Zont™ 
= mer “ er - igh + >o -Lent™ 


= Laat i Zanis re Zac +--+ -Lantn 


(d) In most stiae the single invariant equation e = Z°i is sub- 
divided into several invariant equations in various manners. Such 
subdivisions will be studied in later chapters. 

When the equation is treated as one unit without subdivision, its 
manipulation and solution follow closely those of the analogous ordi- 
nary equation as shown in Section XI, Chapter II. That is, the cur- 
rents flowing in the coils of the primitive mesh are found by i = z—!-e. 

A more general form of the primitive mesh network and its equation 
of performance will be given in Chapter XVI. 

(e) In the present case the establishment and the analysis of the 
primitive system are quite simple and almost obvious. However, as 
the system to be analyzed or the point of view employed increases in 
complexity, both the establishment and the method of analysis of the 
primitive system become less obvious and more involved. But, no 
matter how complex the primitive systems are, the above six steps or their 
equivalent have to be followed in all cases for their analysis. 


XIX. THE PRIMITIVE ‘ JUNCTION” NETWORK 


(a) When a network with 1 coils is to be analyzed by assuming 
the differences of potential appearing across » — k junction-pairs as 
the variables, again the first step is to establish a primitive “ junction "’ 
network and to set up its equation of performance in terms of geometric 
objects. The mesh network of Fig. 3.9 cannot be used as the prim- 
itive network for the new point of view since no junction-pairs exist, 
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the number of meshes being the same as the number of coils. Hence 
a new primitive network has to be established for the new point of view. 
(b) The question now is: What is the simplest network that 

consists of a collection of coils in » — k junction-pairs? 
The primitive junction: network consisis of n open-circutted cotls as 
shown in Fig. 3.10. It contains 2 independent sub-networks having 
2n junctions, hence hav- 


a b c d n : 
: ; : : ; ing 2n — m = n junction- 
q t q | e " 
pairs. The two ends of 
vag Ga YP Ee VO Fe VEE Ca cress vIn En each cotl form a junction- 
pair through which the 


Fic. 3.10.—The "Primitive" Junction Network current enters and de- 

parts. Two junctions on 

two coils cannot form a junction-pair since the latter would lie on 
two independent sub-networks. 

(c) To find the equation of performance of the primitive junction- 
network the First Generalization Postulate is used as in the previous 
section. That is: 

1. The simplest unit of the primitive network is one open-circutted 
coil shown in Fig. 3.10. 

2. The concepts necessary for its performance calculation are 
E, I, and Y, where J is the current impressed on the coil, E is the 
difference of potential appearing across the two junctions due to I 
flowing through the coil, and Y is the admittance of the coil. 

3. The equation of performance 6f the simple unit is now not an 
equation of voltage, but an equation of current: 


I=YE 


where J and Y are assumed to have fixed values, and £, the difference 
of potential appearing on the junction-pair, is assumed as variable. 
If £ is unknown then it is found as EF = Y-'I 

Repeating the same steps for the primitive network: 

4. The primitive junction-network for m coils is established as in 
Fig. 3.10, where 2 may be any number. 

5. The three geometric objects necessary for its performance 
analysis are: 


a b Cc n 
E- |z,|B&|E |... | En 3.13 
a b Cc n 


Im | y= | 7 | ei..lm 3.14 
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3.15 


The components of E are the differences of potential appearing 
across the junction-pairs. The components of I are the currents 
flowing into and out of the junction-pairs. The components of Y 
represent the se/f- and mutual admittances of the individual coils. The 
matrix may be asymmetrical, and some of its components may be zero. 

6. The equation of current of the primitive junction network is 


s 


where the components of E may be positive or negative depending 
whether it is an impressed junction voltage or not. 

The single invariant equation represents the following set of n 
ordinary equations 


[+ = YE, + YR, + YE, + td eg Y°*E,, 
[> = YR, + YR, + YR, +--+. YH, 
[Ie YF, -- YoR, a3 YF, +- eet YF, 


In = Y"E, + YOR, + YE, +--+ YE, 


(2) Before this invariant equation is manipulated, in most prob- 
lems it is divided into several component equations in various manners. 
Such subdivisions are treated in later chapters. 

When the equation is not subdivided but is to be solved as one unit, 
the unknown junction potentials E are found by 


The replacement of the single invariant equation by several equa- 
tions and the variety of manipulations appear when, say, ot all of the 
junction-pairs have voltages or currents impressed on them. 

Later on, a more general form of the primitive junction network 
and its equation of performance will be given. 


CHAPTER IV 
THE TRANSFORMATION TENSOR 


I. STEPS IN THE ANALYSIS 


(a) The analysis of a whole group of physical systems in terms of 
geometric objects may be assumed to consist of three steps: 

1. The equation of performance (an equation of voltage or an 
equation of current, etc.) valid for each member of the group is first 
established. 

2. The equation is manipulated in various manners for various 
reasons. For purposes of manipulation the single invariant equation 
of performance ts usually subdivided into several invariant equations. 

3. The unknown quantities, if there are any, are solved for. 

In the first few chapters the equations of performance of the three 
types of stationary networks (mesh, junction, and orthogonal net- 
works) will be set up, manipulated, and solved for the variables. 
However, the invariant equation will not be subdivided, but will be 
manipulated first as one unit. 

(6) For most practical problems the single invariant equation of 
performance has to be subdivided into several invariant equations. 
Needs for the subdivision may arise in a variety of manners: 

1. Some of the unknowns may not be needed, hence they may 
be eliminated. 

2. Some of the variables or impedances, etc., may be known; 
some may be unknown. 

3. The physical system itself divides functionally into several 
parts. For instance, at some terminals the currents may remain 
constant under ail loads, or the differences of potentials may remain 
constant or may obey some predetermined law. At some parts the 
impedances may vary, while the currents in another part are varied 
in some desired manner, etc., etc. 

4. The impedances or the impressed voltages or currrents in 
certain parts or in the whole system may be replaced by new quanti- 
ties, while the performance of the system still satisfies certain require- 
ments or criteria, etc. 
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The study of the subdivision of the invariant equation of per- 
formance will be undertaken in later chapters. 

(c) In this chapter will be investigated the setting up of the equations of 
voliage e’ = z’ - i’ of a mesh network having n coils and nm meshes, if 
that of the primitive mesh network, e = z°i, is known. Afterward 
any mesh network with 2 coils and less than n meshes will be studied. 


Il, ALL-MESH NETWORKS 


(a) In analyzing any network as a collection of meshes, it will 
be first assumed that the network to be analyzed has as many meshes as 
tt has coils; this will be called an ‘‘ all-mesh "’ network. The analysis 
of mesh networks with 1 coils but with less than n meshes (of far greater 
practical importance) is a special case of the analysis of those with n 
meshes; hence the study of the latter will be taken up first. 

There are a large number of ways in which coils may be arranged 
to form ” meshes. For instance, seven different ways of arranging 
five coils into five meshes are shown in Fig. 4.1, including their common 
primitive network. All 
the apparently differ- 
ent networks of Fig. 
4.1 have the following 
common property: 

With a given voltage 
© tmpressed in series 
with each cotl, the cur- 
rents i flowing in each 
cotl are the same no 
matter how the n cotls 
are interconnected into 
n meshes. 

The currents in each 
coil remain the same 
since in each network 
each coil 1s short-ctr- 
cutted upon ttself. The fig. 4.1.—Seven Different Interconnections of Five 
various interconnec- Coils into Five Meshes 
tions consist of taking 
the primitive network with five independent meshes and intercon- 
necting its junctions in various manner by conductors having no 
impedances. None of the networks contains any junction-pairs. 


94 THE TRANSFORMATION TENSOR 


(b) Although the currents in the coils remain unchanged, the 
currents flowing in the various junction wires are different in each 
type of connection. The components of each geometric object in the 
equations of voltage e = Zi of each network are the same if they are 
expressed in terms of the currents flowing through the coils, but the 
components assume a different value for each network if they are expressed 
in terms of currents flowing also in the impedanceless junction wires. 
In fact, it is found that even for the same network several sets of 1 
equations can be set up, each set being different from the others and 
from those of other networks. 

(c) One of the purposes of tensor analysis is to systematize the 
setting up of this large variety of sets of equations. The systematiza- 
tion 1s performed by considering the analysts of all the possible net- 
works at the same time and, (1) pointing out those characteristics 
that are identical for all the networks and denoting them by 
separate symbols, (2) pointing out those characteristics in which all 
networks differ from each other and denoting them also by separate 
symbols. 

In order that the complexity of the network should not hinder the 
understanding of the new concepts and method of reasoning to be 
introduced, the simplest possible network will be analyzed first, namely, 
one containing only two coils. 


Il, INTERCONNECTION OF COILS 


(a) Let two coils Z,, and Z» without any interconnection between 
them be given as shown in Fig. 4.2. Let any voltages be impressed in 
series with them, and let currents flow in them. (One specific value 
of the impedances, currents, and voltages is also shown in Table 4.1.) 
The network is equivalent to a primitive mesh network with two 
meshes, and its equation of voltage is easily set up as 


Ca = Zagt® + Zart? 
4.1 
Cd = Logt* + Lyv 


In terms of the three geometric objects e, i, and z, the above set of 
ordinary equations can be written as: 
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Zaa @a Zpb. pb 
\ OG 


Fic. 4.2.—The Primitive Network 


TABLE 4.1 


a b 


Fic. 4.3.—The New Network 


The currents are found by i = z-!-e = y-e = 


Zw/D — Zq/D a LZovea/D — Zape,/D 16 


— LZba/D Zaa/D b —Zbata/D + Zaats/D 


(where D = Zy.Zu — ZqbZva) representing the currents 7* and #? 
flowing in each isolated coil. 

(b) Let it be assumed now that the two coils are interconnected as 
shown in Fig. 4.3, forming again two meshes, without changing the 
voltages impressed in series with the individual coils or the self- and 
mutual impedances of the coils. Since after interconnection each coil 
is still short-circuited upon itself as it was before interconnection, the 
current through each cotl also remains unchanged. 

However, now the added conductors introduce new current-paths, 
and the equation of voltage can be expressed in terms of other currents 
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beside those flowing in the coils. The new currents are selected either 
arbitrartly or by some requirement of the problem at hand. The 
number of new currents to be selected is the same as the number of 
meshes, that is, as the number of the old currents. Hence the per- 
formance of the system of Fig. 4.3 can be expressed now, for instance, 
in terms of: 

1. The current flowing through the added impedanceless branch. 

2. The current flowing through coil Zag. 

(If the performance of the new system is expressed in terms of the 
two currents flowing through the two coils, the previous equation of 
voltage remains unchanged.) 

The two branches in which the two new currents flow will be 
denoted by primed letters as a’ and b’, and the currents flowing 
through them will be denoted as 7°’ and 2”. 

(c) The purpose of the analysis is to set up the voltage equation of 
the new interconnected system, having exactly the same form in terms 
of geometric objects as it had before the interconnection. That is, 
the purpose of the analysis is to find the new components of the three 
geometric objects e’, i’, and z’ existing in the voltage equation of the 
new system e’ = z’ <i’, 

In any general problem the components of z’ and e’ are usually 
known, and the value of i’ is unknown. Irrespective of what quanti- 
ties are assumed to be known or unknown, 1n setting up the equations 
of a mesh network the currents i’ are always assumed as variables. 

(d) As a general procedure all variable indices belonging to the 
new system will have a prime attached to them as shown in Table 4.2 
In direct notation the geometric objects themselves will have a prime 
attached, since their variable indices are absent. 


TABLE 4.2 


Before : After 
Interconnection | Interconnection 


e 


Fixed indices a,b, ¢+<> a’, b', cles 
Variable indices k,m,n--> 
Geometric objects (index notation) Em, t™, 2mn Cm, 3™, Emin! 


Geometric objects (direct notation) e, i, z 


In index notation the base letter, say 2, remains unchanged in any 
system; only the indices attached to 1t vary as the system is changed 
to another system from Zm,y, tO 2a’. 
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Also the current vector will have an upper index as 7” instead of a 
lower index. The reason for this notation will be shown presently. 
The components of ¢” will be called ‘‘ old currents '’ and the components 
of 1’ “ new currenits,”’ while the base letter 2 will be called the ‘‘ current 
vector.”’ 


IV. RELATION BETWEEN OLD AND NEW CURRENTS 


(a) The first step in analyzing the new network of Fig. 4.3 1s to con- 
sider what currents should be the new variables. Because of the existence 
of two closed circuits (meshes), two currents have to be assumed as 
variables. The currents assumed must be independent of one another, 
that is, none of them may be expressible in terms of 
the others. 

Let the two currents be 7°’ and 2” flowing in coil 
Zaa and in the impedanceless branch as shown in 
Fig. 4.4. That is, let the performance of the new 
system be expressed in terms of 2* and 2°’, while that 


of the old system is expressed in terms of 7 and 7°. Fic. 4.4.—The 
(b) Once the new currents (variables) have been New Currentsin 
selected, the next step ts to express the currents flowing the Coils 


tn each cotl in terms of the new variables 1°’ and’. For 
this step Kirchhoff’s First Law is used, stating that: “‘ Zhe sum of the 
currents entering a junction 1s zero.” 

Hence the current 7? in coil Zy, of Fig. 4.3 is found by summing up 
the currents entering a junction. That is 


i’ — +72 =0 


from which 
47 = 70’ — 40’ 4.7 


This value of the current flowing through coil Z» is shown in 
Fig. 4.4. 

(c) The next step is to set up relations between the old currents 1°, 
and the new currents 1*’, 2” (that is, between the old components i of 
the current vector and the new components i’). 

In the new system both sets of currents can be identified: 

1. The old set of currents 7* and 7? are the currents flowing in the 
individual coils. 

2. The new set of currents i*’ and 1° have been arbitrarily assumed 
flowing anywhere in the network. 

As a consequence, the relation between the old and the new Set of cur- 
rents can be set up by a simple inspection of the new network by con- 
sidering the old and the new currents flowing through each col as follows: 
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1. Considering the currents flowing through coil Zg, 


Old current 42 


New current = 7* 

2. Considering the currents flowing through coil 2, 
Old current = 7 
New current = 2° — 7, 


Since through each coil identical currents flow before and after the 
interconnection, the following relations can be set up between the old 
currents 2%, 2 and the new currents 22’, 7°’: 


42 = 42’ —_ q2" 
4.8 
ee = 7’ — 7’ = — 42’ +- 4°’ 


These equations are valid no matter what the value of the currents is 
as long as the circuit is not changed. Hence the above equations are 
also tdenttttes. 

(d) It is emphasized that in general problems it is not possible to 
set up a relation between the old and the new variables by a simple 
inspection of the new system only. Both old and new systems must be 
inspected, 1n general. However, in some cases of stationary networks 
it is possible to select the old system in such a simple form that it is 
imagined to be incorporated in the new system. In the present exam- 
ple the individual coils of the new system form the old system. That, 
however, is not always the case. 


V. THE TRANSFORMATION TENSOR 


(a) The step of setting up a relation between the currents (or veloctites) 
of the old and the new system is the central feature of finding the per- 
formance of the new system. Once this relation 1s established, then the 
remaining work of setting up the equations of performance of the new 
system from that of the known old system (or of finding any other property 
of the new system) 2s purely automatic. 

The set of linear equations 4.8 can be expressed in terms of geo- 
metric objects analogously to the set of linear equations e = Z °i, as 
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[i=c-i'| i™ = Om, 4.9 
where a b ag. Sy 
a b x a’ ob! 


The coefficients of the new variables form a matrix called the ‘‘ transforma- 
tion mairix,”’ (or rather the ‘‘ components of the transformation tensor 
along the ‘wo given reference frames ’’) 


™m 
a’ b’ m a’ b’ 
a a 
Cc = (Obie = 4.12 
b b 


This two-dimensional matrix forms the backbone of tensor analysis. 
It shows the relation between the old variables and the new variables (cur- 
rents). The reason for the use of upper and lower indices will be 
shown presently. 

(5) The process of setting up the transformation matrix C*”. 
for a new system consists then of three steps: 

1. Decide what should be called the new currents 1” of the new 
system. 

2. Set up a linear relation between the old currents 2” and the new 
currents 7” flowing in each coil. 

That is, put on the left-hand side of the equations the old currents 
and on the right-hand side some linear combination of the new currents. 

3. From the coefficients of the new currents form a matrix, which 
is the required “ transformation matrix ”’ Ch. 

(c) It should be noted that the positions of the indices of the trans- 
formation tensor C;,- differ from those of the impedance tensor 2ma, 
inasmuch as in 2m, both indices m and n refer to the same set of old 
fixed indices a, b, c, whereas in C,,- the upper index m refers to the old 
indices a, b, c and the lower index m’ refers to the new indices a’, b’, c’. 
That is, 1” 2mn OF IN Zmn the indices written in front of the matrix and 
those written above it are identical, while in the matrix Cy): the two sets of 
indices are different. 

(d) The determinant of the transformation tensor of an all-mesh 
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network C ts never zero, that is, the inverse of matrix 4.12 can always be 
calculated. If the determinant of C is zero, it is a sign that the new 
variables are incorrectly assumed and are not independent of each 
other (that is, one of them can be expressed in terms of the others). 

The tnverse transformation tensor is found by calculating the inverse 
of matrix 4.12. It is denoted by interchanging its upper and lower 
indices. That is, 


a’ , a’ 
Cia. r= 4.13 


VI. THE ‘‘ INVARIANCE” OF ‘ FORMS” 


(a) The immediate problem under investigation is the following: 

There is given a network, the “ primitive network ” of Fig. 4.2. 
With that network the following concepts are associated: 

1. Geometric objects—such as 


e, z, P | Em, Zmn, P 


and the variable i = 1™ (which also is a geometric object). 
2. Invariant equations such as 


@e=2Z:i Cm = ZSmnt” 4.14 


P=e-i P =e," 4.15 


All these geometric objects and equations are known. 

There is given now another network of Fig. 4.3. With that net- 
work are also associated exactly the same concepts as with the given 
network, namely: 

1. Geometric objects, such as 


e’,z', P’ | Em’, Zn'nty P! 
and the variable i’ = 7™’. 
2. Invariant equations, such as 
e! = 2! ej’ Cm! = Zarnt™ 4.16 
P’ =e' ei’ P! = égt™ 4.17 


However, none of the new components of these geometric objects 
has as yet been determined (hence none of the new equations can be 
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established), with the exception of the single relation set up between 
the old and the new variables 


i=C-:i’ m= Cyt” 4.18 
ii =C!-i oe =C 6" 4.19 


defining the components of the transformation tensor which, however, 
is insufficient to determine the new components of the geometric 
objects, and thereby the new equations. It is still necessary to deter- 
mine the “ formula of transformation ’”’ of one other geometric object. 

(b) In order to establish the formula of transformation of a geo- 
metric object zt 1s necessary to find at least one physical quantity which 
is the same for both systems, that 1s, which does not change as the reference 
frame changes. The mathematical representation of the “ invariance " 
of this physical quantity serves as the second relation needed for finding 
the transformation formulas. 

This second relation is established by the recognition that, when the 
coils of the primitive network are interconnected, the total instantaneous 
power input into the whole system remains “‘ invartant,’’ unchanged. 


That is 


or, in tensor parlance, the power input P 1s an invariant under the trans- 
formation C;,’, since the current in each coil is unchanged. 

It is emphasized that this second relation is not an assumption 
(as the first relation i = Ci’ is) but it is found from physical con- 
siderations as a corollary of the existence of the first relation. 

(c) Hence in addition to the relation 


i=C-i’ | im = Chim’ 4.21 


which determines the components of the transformation tensor, the 
following relation can also be set up between the old and the new com- 
ponents of geometric objects, representing the invariance of the power 


input 
vx 


which will determine the transformation formula of one other geometric 
object, the voltage vector e. 

It should be noted that the power input e-i is a “ linear form" 
(Section X, Chapter II). 

(2) To summarize: before the equations of a new system can be 
determined from those of a known system, two steps have to be taken: 


102 THE TRANSFORMATION TENSOR 


1. A relation has to be set up between the old and the new vartables 
i™ and i”. This step determines the transformation matrix Cy. 
Each time a new system is given this step must be performed. 

2. A" form” has to be assumed “ invariant’ under the transforma- 
tton. This assumption has to be taken for only one new system and 
need not be taken for any other new system. 


VII. THE ‘‘ TRANSFORMATION FORMULA” OF THE VOLTAGE 
VECTOR e,, 


(a) From the previous considerations two relations, equations 4.21 
and 4.22 are now available to determine the values of the new geo- 
metric objects e’ and z’. Both these relations are valid for any value 
of the variables i and i’ or of the impressed voltages e and e’, or of the 

és 


interconnections C; hence they are ‘‘identities”’ rather than equa- 
tions. That is, the available identities are: 


i=C-i’ m= Chim 4,23 
er-i=e'-i Cmt™ = Crt 4,24 

(6) Now substituting i from the first identity into the second one 
e-C-i =e i’ | CnCmt™ SS Cmt™ 4.25 


Since these identities are valid for any value of the variables i’, the 
vector i’ can be cancelled on both sides of the identities, leaving 


e-'C=e’ | OmCm’ = Cm! 4,26 


Hence the new components e’ of the voltage vector are found from the 
old components e by the “‘ transformation formula ”’ 


ta 


that is, by premultiplying e by the transpose of the transformation 
tensor. 

(c) Calculating e’ by multiplying the transpose of matrix 4.12 
with the vector 4.3, its components are 


a b 
F a’ b’ 
a al éq 
b’ bi e 
> 
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That is, in setting up the equation of voltage e’ = z’:i’ for the 
new system, the new voltage components are the sum of the voltages 
impressed around the two meshes, namely, e, — e, when the left-hand 
mesh is considered, and e, when the right-hand mesh is considered. 

(d) The inverse relation follows from equation 4.27 by multiplying 
both sides of the equation on the left-hand side by C,-! (or by C7”) 


C,-! ce’ = C,7! ° C, -e | PY em! = eC ies 4.29 
But 
C,-!- C,=I | Cr Cs, = i 4.30 


where I = 6; is the ‘‘ unit tensor.”’ Since multiplying any geometric 
object by I leaves it unchanged, I can be left out, giving the inverse 
transformation formula (changing the free index k to m) 


ws 


Comparing this formula with that of i 
i=C-i’ | im = Crim’ 4,32 


it can be seen that e has a different transformation formula from i. 


VII. THE TRANSFORMATION FORMULA OF Zmn 


(a) When the transformation formula of one geometric object 
belonging to an equation of the new system has been determined (by 
recognizing an invariant “form ’’) the transformation formulas of 
all the other geometric objects occurring in the equation can be deter- 
mined automatically from the fundamental assumption of tensor analy- 
sis, namely, from the Second Generalization Postulate, that 1” terms 
of geometric objects the form of all equations describing the old system or 
the new system 1s the same. 

That is, if the equation of voltage of the old system is 


e=Zz-i | En = Smnt” 4,33 
then the equation of voltage of the new system has exactly the same 
form, namely 


e’ = Zz . i’ | Cm’ = Zm'n't™ 4.34 

(6) From the requirement that the form of the voltage equation 
should not change, the transformation formula of z can be derived as 
follows: 
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Substitute the transformation formulas of e and i (equations 4.31 
and 4.32) into the old equation of voltage 4.33. 
e=Z-i Cn = Zmnt” 4.35 
C.y-!-e’ = z-Cei’ Cre = 2anCrt™ 4.36 


Multiplying both sides of the equation on the left-hand side by 
C, = Ce: 


CeCe’ = C,-2z°C-i’ | CTC eg = Ce Smart” 
Since C, + C,~ is the unit tensor I = 6, it can be dropped, leaving 
e = C,°2°C-i' | Cm! = SmaCmCat™ 4,37 
Since the new equation must have the form 
"ws gl oj’ | Cm? = Zmrnit™ 4.38 


from the comparison of the last two equations follows that 


e 


In other words, the components of z’ for the new system are found 
from its components in the old system z by multiplying the latter with 
the transformation tensor Ch twice tn succession. 

(c) Performing the multiplication in two steps as indicated, the 
first step is. 

a’ b’ 


ze = e = 
2) Ze 1 | bl Zo — Zee | Zee 
ap 


The second step is C,*(z*C) = 


4.40 


Zea — 2Zan + Zo» | Zab — Zo 
Lab — Zed Zo 


Hence the new components of the impedance tensor for the new 
network are 


4.41 
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IX. THE NEW EQUATION OF VOLTAGE 


(a) The impressed voltage vector of the new system has been 
given in equation 4.28 as 


Hence the equation of voltage of the new system e’ = 2’ <i’ is equivalent 
in terms of ordinary quantities to 


Ca — & = (Loa — 2Zan + Zm)t* + (Zar — Zon)” 


4.43 
= (Z., — Zw)t*’ + Zt” 
It may be written in a more recognizable form as 
Ca — &» = Lagi® — Zy(i’ — i”) — Zari?” + Zar(t’ — 1°’) es 


ep = Zy(a — 12’) + Zi?" 


giving the voltage equations of the two meshes. 


(b) In the voltage equation i’ is still unknown. Its value is found 
by the formula 


i’ = z'-1-e’ = y'-e’ | an’ = (min) me = "Cm = 4.49 


by finding the inverse of z’ and multiplying it by e’. 
The inverse of z’ is y’ 
a’ b’ 


Lob — Zab 


—$—__-——— 4.46 


where Det. = D = (Zag — 2Zap + Zy)Z0» — (Zao — Zw)”. Hence 


RS 
Zv»/D (Zo — Zas)/D 


i’ = ye’ SE Oe ee ee eee OO eee ee Or CO _ eee | 
(205 — Zab)/D | (Zaa — 2Zan + Zu)/D 


(2 — Zab) , 
a ey 


Zp 
D (a — eb) + D 


(Zin = Ze) (6, _ yy 4 Coe = then + Zo) 5 


giving the new currents 7°’ and 2’ flowing in the system in terms of 
the impressed coil voltages ¢,, ¢, and the individual coil-impedances. 
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(c) If the numerical values given in Table 4.1 are substituted into 
the new n-matrices the resultant numerical values are given in Table 
4.3. 

It should be noted that the trans- TABLE 4.3 
formation formulas of e and z give only 
the new voltage equation e’ = z’ - i’. The 
equation has to be further manipulated 
in order to find the unknown currents. 


X. CURRENTS AND VOLTAGES IN 
INDIVIDUAL COILS 


(a) When the new currents i’ have 
been determined, often it is necessary 
to know the currents flowing in and the . 
difference of potentials appearing across —— 
each individual coil. P’ = e'si’ = 11/6 

Since the old system (the primitive 
network) has been so selected that each 
of its axes consists of individual coils, therefore the components 
of i and e represent the currents and voltages appearing in the 
individual coils. Hence a relation has to be set up between i and e 
and the known new currents i’. Since e is now across a coil, instead 
of im series with it, it will be denoted by e.. Both e and e, have the 
same numerical value in an all-mesh network. 

(b) The relation between i and i’ is given by the equation of 
transformation i = Ci’. Hence the currents flowing in the indi- 
vidual coils are found by i = C-i’. This relation already has been 
set up tn establishing the transformation matrix. 

The relation between e, and i’ can be set up by replacing i in 
e = z:-ibyC-i’ ande bye,, giving e, = z-C- i’, where z+ C already 
has been calculated in finding z' by C,+z+C. 

Hence the currents iin the individual coils are found from the known 


i’ by 
us 


and the voltage drops e, across the individual coils are found by e, ='z°i 
or by 


@. = 2°Coj’ | Cm = ZmnCea™ 4.49 


It is emphasized that, if the old currents i and voltages e represent 
not those of the primitive network but some other reference network 
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(a situation which occurs quite often, as will be shown later), then 
the above formulas do not give the currents and voltages in the indi- 
vidual coils but in some other collection of coils. Hence the last 
two formulas should be used only tf the old network 1s the primitive 
network. 

(¢) For the network under consideration the currents in the indi- 
vidual coils, 2* and 2, are found by equation 4.8, that is by 7* = 7°’ and 
= 1h’ — 40", 

The differences of potential appearing across the individual coils 
are by (z °C) - i’, where z « C is given in equation 4.40. 


a’ al (Zag — Zan)i* + Zari” 
e = ——$$ $$ -.-__-—] = @ 
b’ b| (Zas — Zes)i2” + Zeni?’ i 
4.50 


each component giving the voltages induced in the respective coil in 
terms of the new currents found. 


XI. SIGN CONVENTIONS 

(a) Two coils with mutual inductance between them may be 
connected in series in two different manners: 

1. The flux coming from the second coil links the first in the same 
direction as its own flux, Fig. 4.5a. The connection is called ‘‘ serzes 
aiding.” 

2. The flux coming from the second coil links the first in a direction 


hls} -_ $y 


1 2 1 2 


(a) Series aiding connection 


fe} - SEE 


—— SFO 00 FU 
1 2 2 1 Zea — Zad series aiding 
(b) Series opposing connection Zaa — Zp series opposing 
Fic. 4.5 Fic. 4.6 


opposite to its own flux, Fig. 4.55. The connection is called ‘‘ series 
opposing.” 

In going around a closed circuit in any direction, two coils are con- 
sidered sertes aiding if connected in the order 1-2, 1-2 or 2-1, 2-1. 
(Such, in Fig. 4.6, are coils Z., and Zag or coils Z» and Z:., etc.) Two 
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coils are considered series opposing if they are connected in the order 
1-2, 2-1 or 2-1, 1-2. Such are coils Z,, and Z» or coils Z.. and Zg, in 
Fig. 4.6. 

(6) In the ‘ primitive mesh network "’ Fig. 4.7 it will be assumed 
that the positive currents flow in each coil from 1 to 2 and that the 
positive voltages are impressed in each closed circuit also from 1 to 2. 


Fic. 4.7.—Sign 
Conventions in the Fic. 4.8.—Voltages 
Primitive Network Around a Mesh 


In the new network in each individual coil the new currents may 
flow in any directions; also in each closed circuit the positive voltages 
may be impressed in any direction. 

(c) Considering any closed mesh (Fig. 4.8) of the new system, 
along each individual coil may exist an impressed voltage (battery, 
generator, etc.) This individual impressed voltage in the new sys- 
tem is considered as one old component of the voltage vector e, having 
the same subscript as the coil alongside it. The new components of the 
vollage vector e' are the total voltages existing around each closed mesh. 
Hence each component of e’ may contain several impressed voltages. 

(d) Of course any other sign convention may be introduced. 


XI. SUMMARY OF STEPS IN SETTING UP THE EQUATIONS 


(a) In order to set up the equation of voltage of any mesh network 
the following steps are made: 

A. The first step is to set up the '' primitive mesh network” and 
the components of the three geometric objects i, z, and e belonging to it. 

1. The primitive network may be separately drawn if desired: 
it consists of all the coils of the given network short-circuited upon 
themselves, each short circuit including any impressed voltage that 
may exist alongside the coil. 

If the given network contains a branch in which no impedance but 
only an impressed voltage exists, then in simpler problems a coil with 
zero impedance may be assumed to exist in that branch and this coil is 
also included in the primitive network. If neither an impedance nor 
a voltage exists in a branch (being a short circuit), then this branch is 
not included in the primitive network. 
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(In general, a branch with an impressed voltage and without impe- 
dance should be considered as a junction-pair instead of amesh. Such 
a method of analysis is given in Chapter XVI.) 

2. The impedance tensor z of the primitive network is set up, 
having as many rows and columns as there are coils. The main 
diagonal components contain all the self-impedances, the others all 
the mutual impedances, of the various coils. Its matrix is symmetrical 
in many stationary network analyses. 

3. The impressed voltage vector e of the primitive network has as 
many components as there are coils and it contains the voltages 
impressed in the given network, each impressed voltage being assumed 
to belong to some coil. Usually most of the components of e are zero. 

4, The currents i flowing in the individual meshes are assumed as 
the variables. 

Later on it will be shown that the “ primitive ’’ network may be 
replaced by any other convenient network as a starting point. 

B. The next step is to set up the transformation matrix C changing 
the primitive network to the actual network. 

1. Assume as many new but independent currents i’ anywhere in 
the new system as there are closed circuits (meshes) init. Their order 
is immaterial. 

2. Write along each individual coil the currents flowing through it, 
expressed in terms of the assumed new currents, using Kirchhoff’s 
First Law. 

3. Equate the old currents and the new currents flowing in each 
individual coil; that is, set up the relations 


i= Ci’ i™ = CR 4.51 


There are as many equations as there are coils. The left-hand side 
contains the old currents, the right-hand side the new currents. 

4. The coefficients of the new currents i’ form the transformation 
mairix C. 

C. The next step consists of finding the new components of 
z' and e’ and the equation of performance e’ = 2’ « i’ of the new net- 
work. 

1, The new components of the impedance tensor are found in two 
steps by the transformation formula 


1 


by first finding z-C, then C,+(z-C), or first finding C,°z, then 
(C,°z) °C. 
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2. The mesh voltages are found by the transformation formula 


is 


3. The equation of voltage of the new network is 


‘st 


D. Once the equation of voltage of a system has been established, 
it may be subjected to numerous types of manipulations. Usually it zs 
subdivided into several invariant equations for purposes of manipulations. 
Such subdivisions are treated in later chapters. 

When the equation of voltage is treated as one unit without sub- 
division, the unknown currents are found in two steps: 

1. The inverse of the impedance tensor z’ is calculated, giving the 


admittance tensor 


| yn” = (Sint) 4.55 


2. The unknown currents are found by 


| iv = yy eny 4.56 


giving the values of the arbitrarily selected new currents in terms of 
the applied coil voltages and the coil impedances. 

Once the unknown currents i’ have been calculated, then: 

3. The currents flowing in the individual coils are found by the 


relation: 


which already has been established in step B3. 
4. The voltages induced in the individual coils are found by 


e, = Z-ior by 


where z°C has already been calculated as a first step in finding 
C.-z-C instep Cl. 

(6) Of course, in a simple network without mutual impedances it is 
easier to set up the equations of voltage for the various meshes by 
simply inspecting the diagram of the network and applying Kirchhoff's 
laws than to follow through the above steps. However, as the network 
becomes more complex or a series of circuits is to be analyzed or new 
reference frames are to be introduced, then the above steps reduce the 
amount of mental and physical labor in proportion to the complexity 
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of the network. The rigorous application of these steps is needed 
if the equations are to be subdivided for further systematic manipula- 
tions. Their use also suggests new methods of attacks, labor-saving 
devices, etc. 

One of the advantages of this method of attack is that no attention 


has to be patd to the existence of mutual inductances between the various 


windings, nor to their direction of linkage, and so on. The magnitudes 
and signs of the mutual voltages are automatically taken care of by the 
use of the transformation tensor C. 


XIII. SUMMARY OF STEPS IN THE REASONING 


(a) Let » coils be interconnected into m-mesh networks in a large 
variety of manners. In sctting up the equations of voltage of 
each network by Kirchhoff’s laws, it is found that: 

1. The set of equations are different for each network. 

2. For each network it is possible to set up a large variety of sets 
of equations, all sets being different from one another and different 
from those of the other networks. 

The purpose of organization of the method of analysis is to set up 
the equations of voltage for each mesh network for all selection of the 
variables in the identical form e = z °i. 

(b) In order to do that, first a reference network is picked out of the 
numerous networks whose analysis is comparatively simple. 7 his 
particular reference network 1s called the “‘ primttive network.’ The 
equation of voltage of this primitive network 1s eastly established as 
e = z-i. (Any other network can be used as a reference network.) 

The next step is to consider in what respect all the other networks 
differ from the primitive network and in what respect they are tdentical 
with tt: 

1. Since the networks differ from the primitive network only in 
the manner in which their coils are interconnected, it 1s possible to set 
up a “ transformation matrix C ’’ for each network, whose components 
completely represent all the essential characteristics (manner of inter- 
connection, manner of selection of variables, etc.) in which each par- 
ticular network differs from the primitive network (or from any other 
“‘ reference "’ network selected as a starting point). 

2. No matter what the n coils are, or how the x coils are intercon- 
nected into m meshes, and no matter what currents are selected as 
variables, the total instantaneous power input into each network e°1 
(a linear form) 1s the same, an ‘‘ invariant.” 

These two considerations determine the “ transformation tensor C "’ 
and the “ transformation formula" of one geometric object e. 
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Once the components of C and the transformation formula of one 
geometric object e’ = C, + e have been established, the transformation 
formulas of all the other geometric objects follow automatically from 
the postulate that all networks ought to have identical.equations of 
performance. 

(c) It should be noted that it is not inherent in the various net- 
works that their matric equations of performance should be the same. 
They possess that characteristic only as a consequence of possessing 
intrinsically a group of transformation matrices C and an “‘ invariant " 
power input under all conditions of interconnections. 


XIV. A SECOND EXAMPLE 


As a more complicated example let the mesh network of Fig. 4.1, 6, 
be analyzed, which is reproduced again in Fig. 4.92. The coils Zaa 
and Z,- have asymmetrical mutual inductances, similarly Zaz and Zyy. 
The direction of linkages is represented by the numerals 1-2. The 
coils are named in any arbitrary order. 

(a) Following the steps given in Section XII, first the primitive 
network and its geometric objects are established as follows: 


-———j;{5 2— 15 -——— (Cc 


—_ —™ 


pede e afore > 
1 2 
aires! ' 


~_— \d 


(a) Given network (b) Its primitive network 
Fic. 4.9 


Al. The primitive network is shown in Fig. 4.90 consisting of five 
coils short-circuited upon themselves. 
A2. The impedance tensor z of the primitive network is 


a b Cc d f 


4.59 


The zero components are not shown. 
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A3. The impressed voltage vector of the primitive network is 
a bec dé *f 
a |e | ea | e 4.60 


e= €a 


A4. The current vector is 


4.61 


(6) The next step is to find the transformation tensor of Fig. 4.9a, 
showing how its connection differs from that of the primitive network 
of Fig. 4.90. 

Bi. Let five arbitrary independent currents be assumed as shown 
in Fig. 4.10a. They may be assumed to flow in any of the coils or 
impedanceless branches 
in any direction. 

The five currents 
under B1 are not entirely 
arbitrary. They must 
be independent of one 
another, that is, they 
must be sufficient to de- 
termine all the currents 
flowing in the pieeaaeta (a) Assumed new (b) Currents in 
branches. For instance, iecents. Bsch-coil 
if, in Fig. 4.105, 27° had Fic. 4.10 
been assumed to flow 
not in coil Ziq but in the vertical impedanceless branch between Zaa 
and Z,., then the currents in coils Z., and Zua could have not been 
expressed in terms of the assumed new currents. 

B2. The new currents flowing im each coil are established by 
Kirchhoff’s first law as shown in Fig. 4.100. 

B3. Equate the old current and the new current flowing in each 
coil by inspection of Fig. 4.100. 


a 


oltets 12 


eT Defeds 


In coil Z4, 9 7% = — 1° — 1 — 1 = 1 —1 4" 

66 66 Zo —» 7 eee 4°" 74 = ge: 

ée 66 Les —> 4° — 4a’ +- 7’ i Ph ry a — 4°’ + 44’ + 7’ 4.62 
ye Zu it =— u' 44 = —' 


Tt ee 1 Ly a ie J = — 4d’ 
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B4. The coefficients of the new currents form the components 
of the transformation tensor: 


C,=c’ 4.63 


cane 


(c) The next step is the calculation of the mew components of the 
various geometric objects. 

C1. The new components of the impedance tensor are found in 
two steps. The first step is 


—Zaa | —Xac| — Zea | — Zaa t Xac 
— Zw 
Ce ee Oe as Ore 4.64 
Sea 


— Ly 


Lia — yer X ac 
Xca “ 4¢ce en Lee 


Zea — Xac — Xca — Xeac + Lee 
+ Zee + Ly + Xya 


—Xea + Lee + Xa Lee + Zdd 


If the mutual inductances are the same in both directions, that is, 
if Xoo = Xca, etc., this impedance matrix is symmetrical. The sym- 
metrical form of the final matrix z' serves as a check on the correctness of 
the calculations. 
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C2. The impressed voltages of the new system are found by: 


— &a 


— &¢ 


— €a — 4.66 


—@ége tee — e 


Each component of e’ gives the voltages around a closed mesh. 
For instance, ey is the impressed voltage around the mesh through 
impedances —Zaq, Zee, and —Zyy,. 

C3. The equation of voltage is e’ = z’-i’, representing five 
equations with five unknowns. 

(d) The final steps are the solution for the unknown currents and 
coil voltages, if the equation of voltage is not subjected to other manip- 
ulations. 

D1. To find the unknown i’, the inverse of z’ is calculated by the 
method shown in Section XIII, Chapter I, or by the labor-saving 
method to be shown in Chapter X. Its inverse, the admittance ten- 
sor, has the form: 


4.67 


Its components are either numerals or combinations of Z — s, etc. 
D2. The unknown currents are 
— Ye, — Ye, — Y°"(eg+e) + ¥4(e.—ta —es) + YY (e, — en) 
— Ye, — Yobe, — Y“(eg+-en) + V4, —€a—ey) + YY (e, —ea) 
i’ = y’-e’ = — Ye, — Ye, — Y"(eg +1) + ¥°4(e-—eag—es) + YF (ec—ea) | 4.68 


_ Yee, — Y%e, — Y*(e,+¢,) + Y%4(e,—€g—e,) + YY (e,—e4) 
— Yf%e, — yibe, — YF°(eq-+-ep) + Y44 (€, la —e7) + Y* (€, —€4) 


Each component of i’ represents one of the unknown currents. 
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D3. When the unknown currents 7°’, 7°’, etc., have been calculated, 
then the currents flowing in the individual coils, 7*, 2, etc., are found, 
if needed, from the set of equations 4.62. 

D4. The voltages induced in the individual coils are found by 
multiplying z ° C of equation 4.64 by i’, giving 


=m Zaat” peas Xat”” = Zaat” + (Xac a Zaa)i* + Xa’ 


— Xeat®” — Zed” — Xeat”’ + (Zee — Xca)i*” + Zecl’| 4.69 


es Xait’ — Zagit 


CHAPTER V 
SINGULAR TRANSFORMATIONS 


I. THE EQUATIONS OF CONSTRAINT 


(a) In the transformations i = C- i’ hitherto considered, the new 
network had as many meshes as the primitive network and the trans- 
formation tensor C had as many rows as columns. 

However, in engineering practice most networks have fewer meshes than 
cotls. One way to consider such networks is to assume that originally 
they have as many meshes as coils and afterward some or all of their 
ampedanceless branches are 
open-circuited so that no 
current can flow through 
them. 

For instance, consider 
the network of Fig. 5.18, 
consisting of five coils and 
three meshes. It may be 
looked upon as being de- 
rived from the all-mesh (2) Rolling ball (b) Mesh network 
network of Fig. 4.10 by Fic. 5.1.—Introduction of Constraints 
opening two of the im- 
pedanceless branches of the latter as shown by dotted lines on Fig. 
5.1. Open-circuiting the branches is equivalent to making the cur- 
rents in them equal to zero. That is, the opening of the two 1mpedance- 
less branches is equivalent to introducing the following two relations: 


i +1 — We = 0 — 
e’ = 0 ) 


that must exist between the five new variables of Fig. 4.10. 

(b) Equations that express certain relations that exist between the 
variables are called in dynamics “* equations of constraint.’ Hence the 
opening of branches 1s equivalent to introducing constraints by preventing 

117 
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the current vector 7” from having components along the opened 
branches. Hence as many constraints are introduced as there are 
opened meshes. 

(c) In dynamics, a falling body being compelled to roll down on an 
inclined plane is an example of constraint. Introducing an inclined 
plane in the path of a freely falling body prevents the velocity vector vn 
from having a component v? perpendicular to the plane. That is, 
v? = () is the equation of constraint (Fig. 5.1a); or if v” is expressed in 
terms of its horizontal and vertical components v* and v’, then the 
equation of constraint is, from Fig. 5.1a, 


v’ cosa — v' sina = 0 


representing a relation between v? and v* that exists at all instants. 

Of course, the opening of meshes is only one of a large variety of 
ways in which constraints may be introduced in network studies. 
Later on several other examples will be shown, like neglecting magnet- 
izing currents, etc. 

(d) The existence of equations of constraints indicates that the num- 
ber of original variables may be reduced by as many as there are equations 
of constraints. 

(It will be shown in Section II, Chapter XVI, that actually in place 
of the discarded variables another set of variables has to be introduced. 
At the present time this more general point of view is not considered.) 


Il. SINGULAR TRANSFORMATION MATRICES 


(a) With the azd of each equation of constraint it 1s possible to elim- 
inate one variable by expressing it in terms of the others. In the present 
case two variables, say 7’ and 7°’, may be expressed in terms of the 
others as 


5.2 


it = i@” 


leaving only three new variables i*’, 1%, and 1" in place of five (corre- 
sponding to the number of new meshes existing) that are independent 
of one another. 

(b) As a consequence, the relation i = C -i’ existing between the 
old and the new currents (equation 4.62) becomes, by substituting 
the last relations 5.2 introduced by the constraints, 
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qe = — 72’ 4 4d’ — Gd’? = — ja! a 
eo= it = a b 
i= ie 4 a = iW +i’ C= 
it = — i = ard a] 
if = — 7d’ = — id’ f 


so that the transformation matrix now has three columns instead of five, 
corresponding to the three new meshes. That is, the transformation 
matrix C is now rectangular, instead of square. 

(c) Transformation matrices C that are rectangular (hence have no 
inverse, C~') are called “ singular’ transformation matrices, and the 
corresponding transformations (of the variables) are called ‘‘ singular ”’ 
transformations. Square transformation matrices, whose inverse can 
be calculated, are called “ non-singular "’ transformation matrices, and 
the corresponding transformation of the variables ‘‘ non-singular ”’ 
transformations. 

It will be shown in Chapter X VI that all formulas hitherto developed, 
or to be developed later on, are equally valid for singular or non-singular 
transformation matrices C, with the precaution that formulas in which 
C— occurs should not be used with singular transformation matrices C. 
Consequently, once the singular transformation matrix C has been 
set up, the steps for setting up z’ and e’, and steps of finding i’, etc., 
are exactly the same as in case of non-singular transformation matrices 
since C—! is not needed. 

It will also be shown later on that all singular (rectangular) trans- 
formation matrices are special cases of non-singular (square) transforma- 
tion matrices whose columns have been removed because of the absence 
of the current variables along the open-circuited branches. 


Ill. REPLACEMENT OF CONSTRAINTS BY SINGULAR C 


(a) The steps of setting up the singular transformation matrix 
were made above in a roundabout way: 

1. First, it was assumed that five new variables exist (as many as 
there are coils). 

2. Then two of them were eliminated by means of two equations 
of constraint, leaving only three new variables. 

However, 2m case of the 1nterconnection of electrical networks this 
roundabout way of setting up a singular C may be eliminated by assuming 
an the new network right at the start only as many new currents as there 
are closed meshes. 
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For instance, assuming as above 7*’, 74’, and 7’ as the three new 
variables, in Fig. 5.16, the new currents flowing in each individual coil 
may be expressed now in terms of three new currents as shown. 
Equating the old and the new currents flowing in each coil, the last set 
of equations 5.3 are again found immediately, without the roundabout 
reasoning. 

Of course, in place of 2°’, 74’, and 7’, any other three branch currents 
can be assumed as the new variables, giving a transformation matrix 
different from equation 5.3. 

(b) Hence when n coils are interconnected into a network with less 
than n meshes, the whole method of analysis 1s the same as in case of a 
new network with n meshes, given in Chapter IV, Sectton XIII, except 
that the number of new variables assumed 1s the same as the number of 
new meshes. That is, any mesh network with 7 coils may be looked 
upon as a network having m meshes, the current in some of the meshes, 
however, having been reduced to zero by opening some of the branches. 

It is emphasized that it is not always possible to ignore the setting 
up of the equations of constraints by immediately setting up a singular 
C instead. In many cases, especially when hypothetical currents are 
introduced, it is necessary to set up first the equations of constraints 
and then only is it possible to establish a singular C. 

(c) Whenever a singular transformation matrix is established it 
must be remembered that constraints have also been introduced into 
the system at the same time. There are as many constraints as there 
are missing columns in C. 


IV. CALCULATIONS WITH SINGULAR C 


(a) The primitive network of the three-meshed network of Fig. 5.1 
and its geometric objects z, e, and i are the same as those of the original 
five-mesh network of Fig. 4.9 as given in Section XIV, Chapter IV. 

The transformation matrix C of the three-meshed network is given 
in equation 5.3. 

(6) Hence the new components of the impedance tensor z’ are by 
C; °z°C 
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a’ d’ f’ 
a’ Lak —Xac —Xa¢ 


— 


C.+(z>C) =27=d' | —Xia| Zo + Zio + Zyf Zee + Xfa 5.5 


f’ —X ca Lee + Xu Lee + Lid 


It should be noted that the impedance tensor z’ of the new network 
has as many rows and columns as the network has meshes. If the 
mutual inductances are the same in the two directions, the matrix of 
the tensor is symmetrical. 

The new impressed voltage vector is 


5.6 


representing the impressed voltages around three closed meshes. For 
instance, e/’ is the impressed voltage around the mesh through impe- 
dances Z,- and Zaa, e* is the voltage around the mesh through Zs, Zee, 
and Z,;, while e*’ is the voltage around the mesh containing Zag. 

It also should be noted that the diagonal components of z' represent 
the sum of the self-impedances of each of the three meshes, around which 
the voltages are summed up. Also the remaining components of z’ 
represent the mutual impedances of the three meshes with each other. 
The latter includes self-impedance terms of coils belonging to two 
meshes. 

(c) To find the currents i’, first the inverse of z’ has to be calcu- 
lated by the method of Section XIII, Chapter I, giving 


yae yad yes 
yde | pad | yas 5.7 
yfa | pia | yo 


— Y%e, + Yed(e, + e¢ — ey) + ¥%(e — ea) 
— Y%4e, + Y44(e, +e, — es) + Y¥(e, — eu) 
— Yfee, + Yf4(e, +e@—e)t+ V4 (e, — ea) 


5.8 


the components representing 7°’, 22’, and 7’, respectively. 
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The currents in the individual coils are found by the set of equations 
5.3, representing i = C -i’. 

The voltages induced in the five individual coils are found by 
z°C-i’, wherez ¢ C has already been calculated in equation 5.4, giving 


—Zaat™ + Xac(i* + 4”) 


Zoyi*” 


e, = z°Cei’ = ae + Zec(t® + i’) 5.9 


= Xai? — Zag" 
= Lyi? — Xy gt" 


It should be noted that, although the various vectors and tensors 

have different numbers of rows 
--+ Or columns, still the arrow rule 
of multiplication works smoothly, 
since the order of the geometric 
objects in the various formulas 
automatically takes care of this 
inequality. 


V. DISTRIBUTION CIRCUIT 


(a2) To show an example in 
which several coils form one branch, 
let a three-phase, four-wire dis- 
r wT tribution circuit be considered 

(b) Simplified diagram that is supplied from the star- 

connected secondary of a trans- 
former. The load is unbalanced, 
as shown in Fig. 5.2a. (A quicker 


and more systematic method of 
: (A solving three-phase unbalanced 


networks is shown in Chapter 

a 7 XIX.) 

(6) The impedance tensor of 

the primitive network shown in 
Fic. 5.2.—Distribution Network Fig. 5.2c is z = 


io The primitive network 
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Za'a’ Xa’b! Xa'e Xa'n! 
X bq! YAY by’ X bier X bn! 


Xerat | Xeryr | Zecrer Xe'n! 

Xaat | Xn | Xnver | Zain 
Za''a'' Xay Xal'et 
Xorrare | Zoraee |Xorrere 


X ctal X oye Lotte 


The zeros may be left out of the matrix. 5.10 
The impressed voltage vector is 
a b Cc n a’ b’ c’ n’ a”’ b” c”’ n”’ 


Since there are thrce closed circuits, the three line currents 2°’, 2*’, 
and 7”’ are assumed as the new currents. The neutral current is 
ah 4 gk! 4 gm’, 

(c) Setting up a relation between the old currents and the new 
currents flowing in each coil 


qe = Gh 

> = ir 

e= 4” 

qm = — gh! — gh? — qm! 

qe = 4’ 

. = al 5.12 
ec = im C= 

qe gh — gk! — ym 

gel a hl 

go"! == — qk 

ac"! = _— The coefficients of the 
gn! me — gh 4 gk! 4 gm! new currents give C. 
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(d) The new components of the impedance tensor z’ are found by 
C, °z°CaszZz’ = 
h’ k’ m’ 
Zaa + Zan Xab + Zann X ae + Zan 
+Za'a' — 2Xa'n! + Xap — Xno + Xaree — Xn'er 


+Zn'n! — Xa'n' + Zan’ — Xaint' + Zant 
+Zatat + Zniine + Xap t+ fara | + Xa + fYran’ 


X ba + Zan Lob + Zan 
+ Xpar — Xana’ +Zyy — 2X 5.13 


= X b’n! + Zn'n! +Zn'n’ 
+ X ba’! -+- Zn''n'? +Zyrrpe + Zn''n'! -t X pret + Znl'n"! 


Xco + Zann Xeb + Zan Zee + Zann 
+ Xerq! + Xn’a' + Xp _ X n'b! +Z ere! — 2X cn! 
= Xe'n! + Zrn a X cin! + Zn’ +Zn'n! 
+ Xela’ + Zant! + X erry + Zn''n!? +Z0ter + Lni'n' 


The impressed voltage vector is by C,-e = 


The currents are found by i’ = z’—!- e’. 

(e) The currents flowing in the individual eoils are found by 
i = C-i’ and the differences of potential appearing across the indi- 
vidual coils are found by z+ C ° i’. 


VI. BRIDGE CIRCUIT 


(a) As a more complex example consider the network of Fig. 5.3a 
containing eight coils. 

When the coils cross each other it is not always obvious at a glance 
just how many meshes there are. In such cases the best procedure is 
to find first the number of junction-pairs (number of junctions minus 
number of sub-networks) in the present case 5 — 1 = 4, then to find 
the number of meshes (number of coils minus number of junction- 
pairs), in the present case 8 — 4 = 4. Hence the number of meshes 
is four. 

(b) The first step is to establish the primitive network and its 
geometric objects. 

1. The primitive network is given in Fig. 5.36, showing that there 
is no mutual inductance between some of the coils. The impedance 
Zaa Which exists alongside the impressed voltage ea is zero. However, 
its existence has to be assumed in the primitive network, since an 
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impedance and a voltage are always associated together in each of 
its meshes. (In the more general theory, to be developed in Chapter 
XVI, the introduction of the extra axis d along Zag is not needed). 


__> SN. 
RIAD 
(a) Given network (b) Its primitive network 


Fic. 5.3.—Bridge Network 


2. Its impedance tensor is 


a b c 


5.15 


a b Cc d f g h k 


@e=] é4 0 | ¢ €d 0 0 | 0 | « 5.16 


4. Its current vector, representing the old variables, is 


a b Cc d f g h k 


(c) The next step is to set up the transformation matrix C. 
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1. The new system has four meshes, hence four new currents are 
assumed arbitrarily as shown in Fig. 5.4a. 


2. The currents flowing in each coil are expressed in terms of 
4°’, 2’, 4°’, and 7” as shown in Fig. 5.40. 


(a) The assumed new currents (b) The new currents in each coil 


Fie. 5.4. 


3. Equating the old and the new currents flowing in each individual 
coil, the following eight equations can be set up: 


fe = — 42" 

qo == — 42’ — 40’ + qe’ 

4° == 40° — qv’ 

424 = 4d’ 

Sas ta are? 5.17 
w= ac" 

qh = 42’ + qc’ 

4k — 42’ 


The coefficients of the mew currents form the transformation matrix. 

(d) Once the transformation matrix C has been established the 
new components of the geometric objects follow automatically. In 
particular: 
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1. The new components of the impedance tensor are found by 
C; °z°Cas 


a’ b’ c’ d’ 


Zaat+Zaf —Zah Zot+Z vt —Zac 


tZm+Zo+Zos thas Zor hss apeag 


420+ 2y1— - 
~Zen—Zpn+ Zan tZm—Zytzn — [tea—Zan 


(Bar 2g 25s —LoytZeg—Zyy Zo—Zef 
+Zyn +Zyn —Zyk 


—ZLactZaf —Zah ay Big 


Uy Ae a A Nee ‘bs i ale 
—Z cf h —~Lef Sf —“4fh 
42057 ae +Zggt+Zen—ZpntZhr tZeet Zee 


Zac — Zoo +Zbk —Zu+Zok—Zee _ 
—Zig+ZegtZyu| Zag —Zop—Zyu |—ZoytZey+Zpe — |_ Be Zoe t Zee 
~~ Lich — Lich 


This final impedance tensor may be written shortly as 


Za'a’ Za’ b! 
Zao’ | Zoey 
Za’ cf Zb'e! 


Za'd' Zora’ 


5.19 


2. The impressed voltage vector e’, representing the mesh voltages, 


is by C,-e = 


If it is assumed that in series with each coil an impressed voltage 
exists, that is, if none of the components of e given in equation 5.16 are 
zero, then 

a’ b’ c’ d’ 


5.21 


showing the four meshes of Fig. 5.5, whose equations of voltage are 
given by e’ = z’-i’. The signs of the voltages in e’ also show the 
direction of travel around each closed circuit. The equation of voltage 
may be subjected to various types of subdivisions and manipulations. 
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(e) The currents i’ are found by finding first the inverse of 2’, 
then multiplying it by e’ as z’~! + e’. 


r 
| 
af 


e 
a 


CS oe ee 


! 
| 
i 
\ 


Fic. 5.5.—Voltages Around the Meshes 


The currents in the individual coils (if desired) are found by cal- 
culating i = C-i’ as given in equations 5.17. The voltages in the 
individual coils are found by z°C - i’. 


VII. POTENTIALS ACROSS OPEN-CIRCUITED COILS 


(a) If the potential difference appearing across open-circuited coils 
is desired, then the primitive network should include also the cotls that 
are left open-circuited after the interconnection. The procedure ts exactly 
the same as where all cotls have currents flowing through them. 


(a) Primitive (b) Given network 
network 


Fic. 5.6.—Open-circuited Coils 


(6) For instance let the circuit of Fig. 5.65 be analyzed. The 


impedance tensor and impressed voltage of the primitive network 
(Fig. 5.6a) are 
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Zad| Xaz | - 5.22 


cqreemenee tome | ome at | ee | ew ~ 


5.23 


In the interconnected system there are only two closed meshes, 
hence two new currents are assumed, say 7”’ and 7’. The transforma- 
tion tensor is 


42 = 

4° = () 

ie = Ge’ — iM 

a4= 0) C= 5.24 
v= w' 

49 = yw’ 

4" = qh’ 


It should be noted that in the rows of C, corresponding to the open- 
circuited coils a, b, and d, all components are zero. 


The impedance tensor z’ is by C,-z°C = 
g' h’ 
w' | Zee + Lee + Zeg + 2X sq —Zee 
~ h’ —Lie Zee + Zhh 


9.25 


¢ 
Zz 


ee =| | en 5.26 
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The currents i flowing in the individual coils are calculated by 
i=C-i’. The voltages appearing across all individual coils, open or 
closed, are 


Xoc(i#’ — 4”) 


Zee(s®’ — gM) 
(Zyy + Xp_)i®’ 
(Zee 5 X p_)i€’ 


VII. THE ADMITTANCE TENSOR OF INDIVIDUAL COILS 


5.27 


(a) In the method of reasoning hitherto followed three steps are 
required to find the current i flowing in each coil due to a voltage e 
impressed in another coil. These three steps, starting with the known 
cowl voltage e, are: 

1. Find the mesh voltage e’ by C,° e. 

2. Find the mesh current i’ by z’— - e’. 

3. Find the cotl current i by C - i’. 

That is, to find a cotl current in terms of known coz! voltage, first 
the two mesh quantities have to be evaluated as intermediary steps. 

(6) Many mesh problems may be formulated as follows: ‘ Given 
a voltage e, in series with coil a. What is the current 2° in another 
coil 6? Formulated in another way the problem is: What are the self- 
and mutual admittances of the individual cotls when they are tntercon- 
nected? ‘This tensor should have as many rows and columns as there 
are coils. 

Of course before the coils are interconnected their self- and mutual 
admittances are found by solving the equatione = z ° i, giving y = z—. 
However, this admittance tensor is not valid when the coils are inter- 
connected into a network with Jess than n meshes, even though it has 
as many rows and columns as there are coils. 

It should be noted that if the n coils are interconnected into a mesh 
network with 2 meshes, then the two admittance tensors (expressed 
along the individual coils) are the same. With less than m meshes 
constraints exist in the system, hence the two y’s (calculated with and 
without constraints) have to be different. 

The self- and mutual admittances of the individual coils y, may be 
found by one formula by combining the above three steps into one 
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step. By combining them it will not be necessary to evaluate the mesh 
voltages e’ and currents i’ as intermediary steps. Hence: 
Let the equation of the primitive network be 


@=2Z°1 | em = mnt” 


Replacing e by C,~! - e’ and i by C >i’ 


Cree = z-Cei’ | Cr em = ZmnCrim’ 
Multiplying both sides by C,; the mesh equation is 
e’ = C,-z-C-i’ | Cm! = SmnCmr Cri’ 
Solving for i’ 
i’ = (C,°-z-C)—! -e’ | an! = yn'm’e., 5.28 


This equation has already been established. 
(c) Now replacing i’ by C-!-i and e’ = C,-e in order to express 
the equation along the axes of the individual coils 


C-1-i = (C,-z-C)~-'-C,-e | Chin = yr'm'C™e,, 
Multiplying both sides by C 
i=C-(Ci°z°C)-!-C,-e | i* = y"’™’C™.C™ em 


Since the equation has the form 
i=y.°e | i" = y"™e,, 


therefore the individual admittance tensor 1s 
| y. = Cey’C, | yt ay’ CUCM, 5.30 


That is, the individual cotl admittance tensor 1s found from the mesh 
admittance tensor y’ (calculated in the routine manner) by simply 
transforming itt again with the aid of C. ‘That is, the steps are: 

1. Transform z of the primitive network to z’ by C as C; *z °C. 

2. Find the inverse of z’ as y’. 

3. Transform y’ back by C as C «y’ + C,. 

It should be noted that in transforming from z to z’ first C, then C 
occurs; however, in transforming from y’ to y. first C occurs and 
then C,. 

(d) If the transformation tensor C is square (that is, if the new 
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network still has 2 meshes) then C—! can be calculated and the equation 
may be written as 


y= C*(Cp°z°C)-2-C, = CC -z-1- C,-1 -C, = Zz! 


That is, the admittance tensor of the new network is the same as 
that of the primitive network, as mentioned above. 


IX. EXAMPLE OF y, FOR INDIVIDUAL COILS 


(a) Let for instance the admittance tensor y’ of the network of 
Fig. 5.7 (containing six coils and three meshes) be 


a’ b’ c’ 
ye'e’ yo’b’ yo’ ec! 
y’ = yo’e’ | yo’b’ | yb’e’ 5.31 


ye'a! yc’>’ yee’ 


The equation i’ = y’:e’ gives 
three of the coil-currents if the mesh 
voltages e’ are known. However, 
it is intended to find another tensor 
y. that gives any one of the szx coil currents if any one of the individual 
voltages in series with the coils are known. It should be noted that a 
single impressed coil voltage may belong to several meshes. 

(6) The desired y, is found from the above y’ by C-y’-C, = y, = 

a b Cc d f g 
yo’a’ ois yo'a’ cy yoo! _ ya'e’ os yoo’ _ ya'e’ yoo’ 4 ya’c’ 

“ta ee 

oan ye’a’ + yoo" 4 yeo'b! 4 yee’ + yous ye'e’ = yoo’ _ yee’ 

~ yo’a’ yo’e! 1. yo’! + yo’ ec’ yo’b’ 4 yb’e’ |_ yo’e’ _ yo’e’ 

a yea’ + yoo’ 4. yoo’ 4 yee’ + yoo’ 4 yere’ ae) ye’a’ x ye'e’ 


Fic. 5.7 


yee a ye a yee hae ee . — ya’d’ _ ya’e’ ya’a’ + ya’d’ 
4 yoo’ |_. ye’ra’_ yorb!_ pero! |_ ye’b’_ perc’ (4. ye'a’ 4 ye'e? 


ye’a’ ie yoo’ _ yoo’ _ ye'e’ a ye’b! _ yee’ yoo 4 ye’e’ 
jes yo’a’ ye’a’ + y?’ 6’ 4 y’ ce’ ye’ b’ + ye’ an yo’a’ ta ye’ ch 


9.33 
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For instance, the current # in coil f due to an impressed voltage eg 
in coil d is if = (Y«'o’ 4+ Ye'e’e,, 


X. INTERCONNECTION OF SEVERAL NETWORKS 


(a) Instead of interconnecting individual coils into a network, it is 
posstble to take several individual networks and interconnect them into one 
larger system with the aid of a transformation tensor C = C™. This 
procedure will be found to be a very powerful engineering tool, inas- 
much as the individual apparatus to be interconnected are not limited 
to those of the same type. The individual apparatus to be intercon- 
nected may be stationary or rotating, also electrical, mechanical, 
acoustical, optical, etc., apparatus. The resultant system may be 
some instrument, device, or machine utilizing several types of energies. 

(b) The interconnection of mesh networks consists of opening up 
one (or more) branches of each network and interconnecting the two 
points of entry of each network (A-A’ and B—B’) in pairs as shown 
in Fig. 5.86. The effect of the interconnection is to change the two 


(a) Before interconnection (b) After interconnection 


Fic. 5.8.—The Interconnection of Mesh Networks 


coil currents 7* and 7° into one current, leaving all the other currents 
of each network unchanged. 

The interconnection of junction networks is shown in Chapter XIV. 
The types of interconnection of physical apparatus are, however, of 
far greater variety than shown here. 

(c) Often a system can be analyzed by building it up as usual by 
interconnecting individual coils. However, owing to some symmetry 
in parts of the system, the impedance tensors of these parts could be 
built up much more quickly if the disturbing asymmetrical parts were 
absent. In such cases the system can be divided arbitrarily into any 
number of symmetrical and asymmetrical parts in any manner by opening 
up branches, then each part is analyzed separately, and finally recombined 
again bya C. For instance, in fault studies of three-phase systems the 
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various places where faults occur changing the symmetry of the 
circuits may be removed, and the impedance tensors of the system 
and the faults (any number of them) may be set up separately, then 
recombined into the actual system. 

It also happens that a system is built up from several parts where 
the components of the geometric objects z, etc., of some or all of the 
individual parts have already been calculated on previous occasions. 
In such cases the system again can be divided into familiar and 
unfamiliar parts, or into individual familiar parts, then recombined 
again with the aid of a C. That is, many of the results arrived at 
previously tn the analysis of the individual systems can be eiaeee again 
tn the analysis of the resultant system. 

In interconnecting networks into a larger system the transformation 
tensor again represents a mathematical photograph of the manner in 
which the networks are interconnected. The performance of the 
combined system again can be found automatically by a routine 
transformation. 

(d) In interconnecting entire networks the same steps are followed 
as in interconnecting individual coils, namely: 

1. Find the geometric objects ém, Zmn, etc., of the primitive system 
(consisting of the individual networks without interconnection). 

2. Find the transformation tensor Cy showing the interconnection 
of the individual networks by which the primitive system has been 
changed into the actual system. 

3. Find the new components of the geometric objects em’, 2m’n’s 
then y*"’™’, 2*’, etc., of the new system. 


XI. THE PRIMITIVE SYSTEM 


(a) The aggregate of the individual networks without any intercon- 
nection between them ts called the ‘' primitive system."' The fixed indices 
of the various networks are different from one another so that the 
number of axes of the primitive system is the sum of the axes of the indi- 
vidual systems. 

(5) Let, for instance, two independent stationary networks be 
given with the impedance tensors 


d f 
d| Zaa | Zay 
f] Zaz | Zr7 


5.35 


5.34 Z, = 
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If the two networks are to be interconnected, they are considered 
as parts of a “ primitive system ” with the impedance tensor 


a b Cc d f 


Z+22=2Z2=C] Za 5.36 


having 3 + 2 = 5 axes. 

It should be noted that by adding the two impedance tensors 2 
and Ze, as shown in equation 5.36, no change whatever has been made 
in the physical system. The addition of 21 and Z2 is equivalent to the 
recognition that the two networks are independent parts of a more general 
system, the so-called ‘' primitive system.” That is, the addition of 
Z1 and Ze 1s equivalent to writing the original z; and Ze each with five 
rows and columns instead of three or two respectively, by filling out 
the components of the missing rows and columns by zero, as 


a b ce qd f 


5.38 


(c) Similarly if the impressed voltages of the individual networks 


are 
a b Cc d f 


the impressed voltage vector of the primitive system is 
a b Cc d f 
ea | ef 5.41 


e+e =e = €a 


ey | ec 


assuming that the impressed voltages of the component networks 
actually are 


a bc dé *f a b c da f 
an[elale|o] | 542 e=[0]0]0| «| | 5.43 
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XII. THE RESULTANT SYSTEM 


(a) Once the geometric objects of the primitive system have been 
set up by simple addition, the remaining work is identical with the 
analysis of any other system. 

If the manner of interconnection of the component networks with 
one another is represented by C, the impedance tensor of the resultant 
system 1s 

z’ = Cy° (2; + Z2) °C 5.44 


or with several component networks 
Zz! = Cye(z, + 22 + Zs + ee+)-C 5.45 


The impressed voltage vector of the resultant system is 


e’ = Cy+(e, + @2 + €3 + ++) 5.46 
and its equation of voltage 


(6) If the equation is not subdivided into several component equa- 
tions, it may be solved for the unknowns as i’ = z’~' +e’, that is, by 
finding y’, the inverse of 2’. 

(c) It is emphasized that this method of reasoning should be used 
not only when actually two component networks are given and then 
they are to be interconnected. The method of reasoning given can be 
used also when a complex system already buzlt is to be analyzed and 
it is difficult to consider the resultant system as a whole. Complex 
systems can usually be divided into several component systems that 
individually are easy to analyze and their geometric objects 21, Z2, etc., 
are eastly established. Once each component system has been treated 
as one unit then their interconnection into one unit is a far easier 
procedure than the analysis of the original system. 

One example of such a complex system is a vacuum-tube circuit 
where several multielectrode tubes are interconnected with static net- 
works. Their analysis is treated in Chapter XV. Another example 
is a three-phase transmission system, where numerous three-phase 
apparatus (generators, transformers, loads, etc.) are interconnected 
in various manner. They are treated in detail in Chapter XIX. 

(d) If the 2-matrix of the geometric object Z: + Z2 + 23 has a 
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cumbersome number of rows and columns, the resultant z, equation 

5.45, can be calculated in steps since it may be written as 
Z=C.°71°C + Cr: m%-C+C,°73°-C+::: 5.48 


showing that the final impedance tensor may be represented as the 
sum of several tensors, each tensor being the contribution of one of the 
component systems. 


XII. EXAMPLE OF INTERCONNECTION OF TWO MESH NETWORKS 


(a) Let two mesh networks be given as shown in Fig. 5.9a. It is 
assumed that their geometric objects have already been established 


(b) Resultant system 


Fic. 5.9.—The Interconnection of Several Networks 


by selecting the shown four and six currents respectively as variables. 
In particular their impedance tensors are 


a »b a ns 3 g 
Zab| Zoo | Zoe | Zoa| Zor | Zoe 


Lac Loe Zee Led Zef Lg 
5.50 


Zad| Zot | Zca | Zaa| Zaz | Zdg 


Zas | Zos | Zee | Zas| Zs | Zhe 
Zag Zoe Zee Lae Zye Zee 
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and their impressed voltage vectors are 


mn hh  =«k a bc dé é@ ft g 


(b) If the two networks of Fig. 5.9a are to be interconnected into 
one system in any manner they may be considered as forming already 
one system, the primitive system whose impedance tensor is the sum of 
the impedance tensors Z; and Z2 of the individual systems shown in 
equations 5.49 and 5.50. That is, Zz; + Ze = 


5.93 


5.54 


(c) From Fig. 5.95 the interconnection of the two systems consists 
of connecting 1" 1n sertes unth 2°, also 2* in series with 2°, and finally 7™ 
in series with 7°, leaving all the other four currents 1", 74, i, and 7 
unchanged. The currents flowing in the series connections may be 
denoted by three new letters 2?’, 1%’, and 7”’ while the four unchanged 
currents may be primed. 

Hence the relation between the old and the new currentsi = C - i’ 
and the transformation tensor C are 
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p’ q’ r’ n’ d’ f’ g’ 


q™ = — 7’ = — yr’ 

eit gn’ 

ih = 7?’ = GP" 

P= ite i 

i i 

Bcc: chase 5.55 
qo = — Gr! = — yr! 

it = 72’ = ja’ 

f= i's if’ 

i 40’ 


(d) The impedance tensor of the resultant system is by 
Cr * (Zz; + 22) °C = 


9.96 


The impressed voltage vector is by C; + (e1 + e2) = 
p’ q’ r’ n’ d@’ fg’ 


e’ =|] ae, +e | ee tea | —em — Cec en | ca | er | A 5.57 


The currents are found by i’ = z’-!+e’. In finding the inverse 
of z’ the labor-saving procedure of Chapter X may be used. 


XIV. SELECTION OF THE VARIABLES 


The interconnection of systems shows clearly the desirability of 
selecting particular branch currents as the variables in particular 
problems. In interconnecting networks those branch currents of the 
component networks that are connected in series should appear among the 
vartables. 
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When a needed current ts not one of the variables, then first the variables 
of the component network should be changed to another set of variables by 
i= C-i’, so that among the new variables all needed currents may 
appear. In changing the variables of course both e and z of the 
system have also to be changed. (Such a change of variables where 
the physical system is not changed will be shown in Section IV, 
Chapter VI.) 

In other words, when the available z; or Z2 (or both) do not contain 
as variables the currents that are interconnected, then Z; or Z2 (or 
both) are changed first to another z’; or z’2 by C; or C2 and then only 
are they considered to be interconnected into one system by C. In 
such cases the impedance tensor z’, of the resultant system is found by 


zZ=C,°(z77; +224+---]°C 5.58 


z= C,° [(Cie* Z1 ° Ci) + (Cos? Z2°Co) + ---]°C 5.59 


CHAPTER VI 
EXAMPLES OF INVARIANT TRANSFORMATIONS 


I. TYPES OF TRANSFORMATIONS 


(a) The addition of interconnections between coils is only one of a 
large variety of other changes thut may be represented mathematically 
by a transformation tensor C. The idea of transformation involves only 
the replacement of a set of variables (here the currents) by another set of 
variables irrespective of whether this replacement corresponds to a 
physical change in the system or not. Various examples will be 
shown now where the transformation of the currents involves changes 
of various types either in the physical set-up of the system or in the 
selection of the variables. 

The following types of transformations will be shown in this 
chapter: 

1. Instead of the primitive mesh network, any other n-mesh net- 
work of 7 coils is used as a reference network, to be transformed to a 
given n-mesh, 7-coil network. 

2. A set of currets flowing in the branches of a network is replaced 
by another set of currents flowing in different branches of the same 
network. 

3. A set of currents flowing in the branches of a network is replaced 
by hypothetical currents assumed to flow in the meshes of the nctwork. 
4. A set of mesh currents is replaced by a set of branch currents. 

5. The number of turns of several coils is changed. 

6. The ‘‘ magnetizing currents "’ are neglected. 

7. The actual currents are replaced by a set of hypothetical ‘' load "’ 
currents and ‘‘ magnetizing "' currents. 

8. The opening of meshes is considered as a transformation. 

9. The order of the variables is changed by a transformation. 

10. The role of the commutator of a d-c. machine is considered as a 
transformation changing the magnetic order of the conductors to their 
electrical order. 

Quite a large number of assumptions or lubor-saving devices which the 
engineer introduces to organize and solve his problem may be considered 
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as a ‘‘ transformation” representable by a transformation tensor Cy:. 
Hence a great variety of transformation is possible and those given in 
this chapter are only examples of the simplest type. Many more of 
them will be introduced subsequently. 

(5) These numerous types of transformations, however, have one 
feature in common. All these transformations leave the power input, 
émt™, (a linear form) invariant. As a consequence, in spite of the use 
of such a variety of transformations, all the actual and hypothetical 
mesh networks have the same equation of performance, namely: 


e=2z-i | Cm = Imai" 


and for any particular set-up the components e and z are found from 
those of any reference network by routine transformation formulas. 

Transformations i = C -i’ that leave a ‘‘ form” invariant will be 
called “ invariant transformations.” Later other types of transforma- 
tions will also be introduced that do not leave a “ form ” invariant. 

(c) It may be mentioned that these transformations rarely occur 
alone as presented in this chapter. Most engineering problems consist 
of the simultaneous application of several transformations, and often it 
is quite difficult to unscramble the resultant complicated trans- 
formation into the successive application of a series of simpler 
transformations. 

The study of the successive application of several transformations 
will be undertaken in Chapter XI. 


Il. THE TRANSFORMATION OF AN N-MESH NETWORK 
INTO ANOTHER N-MESH NETWORK 


(a) In order to set up the equation of performance of a network 
quickly and with the least amount of reasoning, the ‘‘ primitive network ” 
is used as a reference network. However, for the analysts of an n-cotl 
network any other n-cotl network may be used as a reference network. 
Quite often the use of some z-coil network with a special structure as 
the starting point leads to a quicker answer than the use of the prim- 
itive network. 

It will be shown in Chapter XVI, Section XVII, that both the 
given network and the reference network may have different number 
of meshes and junction-pairs as long as they have the same number of 
coils. However, both networks have to be considered as orthogonal 
networks in order to be able to pass from one to the other and back by 
a transformation tensor C and its inverse C—!. 
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(b) Since an n-coil, n-mesh network is also an orthogonal network 
(having zero junction-pairs), let an example be worked out in which the 
given network and the reference network both have n coils and n meshes, 
but different numbers of sub-networks and different numbers of 
branches with zero impedance. For instance, let the equation of 
voltage e’ = z' - i’ of the network of Fig. 6.1a be set up if the equation 
of voltage e = zi of the reference network of Fig. 6.2 is already 


qaeaee ~ 


(5) Its primitive network 


aor ae 


(a) Given network 


Fic. 6.2.—Reference 
Fic. 6.1 Network 


known. The latter has already been calculated in Chapter III, 
Section XIV. 

Since the given network of Fig. 6.1a has five meshes, five arbitrary 
branch currents, 2¢’, <*’, 2*’, 7’, and 7” are assumed as variables. 


ciples 5 be ro ba hy 


“T 
Fic. 6.3.—Given Network Fic. 6.4.—Reference 
Network 


(c) In order to set up the transformation tensor C the first step 
is to write in both networks along each individual coil the currents 
flowing through them as shown in Figs. 6.3 and 6.4. 

The next step is to equate the old and the new currents flowing in 


each coil as follows: 
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In coil 
Zaa —4% — 4 — a4 = gk! — ym’ — Gn! 
Lob — 4o = 48" 4 gh’ 
Lee wtpaf— Pp = — ym’ — Gn 6.1 
Lad — wt = 4 
Zi — it = — in" 


This set of equations always can be solved for the old currents as linear 
functions of the new currents as 


qt == 48! gh! — gh’ ee a 
P= — 4’ + Qaim’ 4 4” b 
= — 78’ — 7) C=c 6.2 
z= qm’ d 
v= — 4h f 


The coefficients of the new currents represent the transformation tensor 
C, changing the network of Fig. 6.3 to the network of Fig. 6.4. It 
should be noted that one of the components in C 1s 2, an integer also. 

(d) The new components of the impedance tensor z’ for the given 
network are found from that of the reference network, given in equa- 
tion 4.65, by C,.-z-Cas 


The impressed voltage vector e’ is by C,-° e, where e is given in 


equation 4.66, as 
g’ h’ k’ m’ n’ 


tala late €a = t-te — 6] t-te | 6.4 
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II. A CHECK ON THE TRANSFORMATION 


(a) The correctness of the tensors z’ and e’ of Fig. 6.3 may be 
checked by calculating the components of the same tensors from the 
primitive network given in Fig. 6.15 instead of Fig. 6.2. 

The z and e tensors of the primitive mesh network are 


6.5 


6.6 


The transformation tensor C’ of the given network is from Fig. 6.3, 
by equating the old and the new currents in Fig. 6.3 and 6.10. 


g’ h’ k’ m’ n’ 


a= qk! — ym! — 4H! 
qo = ge! 4 gh! 

eo= — ym — 4n' 
ee iM 

v= — 4m’ 


(6) The impedance tensor z’ is by C’;*z °C’ 


g’ h’ k’ m’ n’ 


eee || ARIE | ERE EET || CREE PONT AT I PT SIA RS 


~—Xas 


—Laa—Xae 


z’ = k’ —Zaa—Xac 6.8 
m/’ —Xya —Zaa—Xca LZaatZeetZpp+X ac LaatZectXactXca 


mone | pea EE) | SSD SEATS TEEN, | cy Pt ERIE TOS 


—Zaa —Xeq Zaa +Zee +XactXea Zaa +2 ce +X ac +Xeq 


This tensor checks equation 6.3. 
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The impressed-voltage vector e’ is by C’,-e = 


6.9 


Thts vector checks equation 6.4. 


IV. TRANSFORMATION OF BRANCH CURRENTS 


(a) Let it be assumed that, for Fig. 5.4, e’, i’, and z’ have already 
been calculated by considering the four currents 7°’, 7’, 7°’, and 7%’ as 
the variables. Fig. 5.4 is reproduced again in Fig. 6.5. 


Zg9 
Fic. 6.5.—The Four Old Currents Fic. 6.6.—The Four New Currents 


Let it also be assumed that for some reason the performance of the 
system needs to be expressed tn terms of four other currents, say v/’, 18’, +”, 
and 7*’ as variables, shown in Fig. 6.6. Two procedures are available: 

1. The calculation may be started all over again by removing all 
interconnections, in order to set up again the original primitive net- 
work and a new transformation tensor C. 

2. The already calculated e’, z’, and i’ are replaced by another set 
e’”’, z’’, i” with the aid of a new transformation matrix C’ that sets 
up a relation between i’ and i’’, where 


a bP ce @ fh Ol gkl Cl Yl’ 


=| 3 | a” | a | og?’ i? =] | ge’ | gh yg? 


(b) Following the second procedure the role of the tndividual cotls 
is replaced by that of the branches in which the old currents flow. The 
steps are as follows: 

1. The currents in those branches in which the old currents 
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°n? a Sap e ° 
a, #, 2, and 7 flow are expressed in terms of the new currents as 
shown in Fig. 6.7. 


irl F 


<a q 
4+ 1" Zs9 


Fic. 6.7.—The New Currents in the Individual! Coils 


2. Equate the old and the new currents flowing in the four old 
branches as 


je = iM + ie = 
hom iN 
ie’ = — (ie’ + 4’) 


a’ = — 4 = 


The coefficients of the new currents give the new transformation 
tensor: 

(c) With the knowledge of C’ the new components z” of the impe- 
dance tensor are found by C’; « z’ - C, where Z’ is given in equation 5.19, 
so that 

f’ g’ h’ k’ 
Zoo? Za's' —Zo'e? | Zar’ +Zoret | — Zea’ —Zoret — Zora’ 
Za’a! —Zate! Za'a’ —Za'e! —ZLa'd! +2’ —Za'e! 
Za's! — Zb'o! 
—Zato! +Zoret | +Za'tt —Zo'e’ | +2Ze'ct — Zara t+Zera 
Zatatt+Za'e’| Zara +Za'v’ | —Zare’ — Zoo’ —Zare! 
—Zarot ~Zorer | +Zarer +Zye’ | —Zp'cr —Zara’ —Zord' 


Lye +Zprer +Zora" 


Lat’ + Zp! 


—Za’b! —Za'e! —Za'b! —Za'e! 
— Zoo! —Zb'e! —Za'a’ —Za'd’ | +Zprer +Zerer +Ze'a’ 
—Zpra" +25 c° +Zer —Zpn" —Zp'e! 
+Zera! —Zy a’ | +Zora Zea +Zarae 
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The values of Z,/q', etc., in terms of Za, Xap, etc., may be substituted 
from equation 5.18 to express z’’ in terms of the individual impedances 
Zana, Xab*** 

The impressed voltage vector is by C’,*e’ = 


f g h’ k’ 


e”’ = a’ as é.’ Ca’ + ep’ — &' — Cc’ is €d’ 


In terms of the actual impressed voltages, using equation 5.20 


f g h’ k’ 
e” = ea | — €a — €e —eatea| —ea +e 


The voltage equation e’’ = z’’-i’’ expresses the performance of 
the network of Fig. 6.6 in terms of 7’, 2¢’, 7”, and 7*’ as it was desired. 

It should be noted that in general there are a large (though not 
infinite) number of ways to select the new variables i’’. 

(d) In assuming new mesh-currents i” by i! = C’+i’’ it is possible 
to have the voltages e’ expressed around the old set of meshes. In that 
case the voltage equation becomes 


vir at 
e 


e’ = zi’ = 2 -C’ ei” = 2/5 
6.12 


“.? mic pe */0 
Cm’ = ZSm'n't” == Zmin'Cant” = Zminiit” 


1 


representing the impedance tensor of a network in which the voltages 
are expressed around a different set of meshes than the currents. 
Multiplying matrix 5.19 by 6.10 


where 


f’ g’ h’ k’ 


Za’b! Za'a! aa Za'e! Zata! + Zab! —Za'b! = La'ct = La'd’ 
Zww | Zar — Zorer | Zar + Zoe] —Zorw — Zor — Zora 


Zo'c! a’c! Za'c! + Zp —Lo'ct — Zete! ae LZe'd! 


Zod’ | Za'd’ Za'a’ + Zora’ | ~Zora’ — Zeta? — Zara’ 


It should be noted that z’’’ has two sets of reference frames, the 
meshes of the currents being different from the meshes of the voltages. 
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V. THE HYPOTHETICAL ‘‘ MESH”? CURRENTS 

(a) In all problems so far considered the new currents i’ always 
were currents actually flowing in some branch of the network. How- 
ever, the idea of ‘‘ transformation’’ involves a replacement of a set of 
currents by another set, trrespective of whether either set of currents ts 
physically existing or 1s only some hypothetical set. That is, either the 
old or the new or both sets of currents may be hypothetical currents. 

There are, of course, a large number of ways in which hypothetical 
currents may be introduced in electrical engineering. In fact, most 
of the analysis of engineering problems involves hypothetical currents, 
such as the method of symmetrical components, the cross-field and 
revolving field theories, traveling waves, and in fact any resolution of 
resultant currents into harmonics (space or time harmonics). 


Fic. 6.8.—The Six Mesh-currents as Fic. 6.10.—The Mesh-currents in the 
Variables Individual Coils 


ro A 


Zadd 


Wel atest ed || S| | ed 


Fic. 6.9.—The Primitive Network 


(b) In stationary-network analysis it is customary to assume 
hypothetical ‘‘ mesh ” currents (or “‘ Maxwell ”’ currents) in each closed 
mesh, so that the sum of these hypothetical currents in each branch 
is the actual current flowing in that branch. For instance, in Fig. 6.8 
the actual current flowing through coil Zag from 1 to 2 1s 17% — 1”, 
In Fig. 6.8 out of the six mesh currents three are also actually existing 
branch currents, namely 7’, 7’, and 2”, but the three other mesh 
currents i*’, 7/’, and 2#’ are hypothetical currents, having no actual 


physical existence. 
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The method of attack is of course the same as with actually 
existing currents. The primitive network is shown in Fig. 6.9. Its 
impedance tensor is 


6.15 


(c) In setting up the transformation tensor the first step is to 
express the actual currents flowing through each coil in terms of the 
new mesh currents as shown in Fig. 6.10. The second step is to 
equate the old and the new currents flowing through each coil, the 
old currents being those flowing in the primitive network. 


a’ b’ c’ d’ f’ g’ 


eo = — 10 

> =— 7 

4° = = rh 

j¢= 72’ — Go’ 

v= vi— Pe 6.16 
e= 4 — 4 

a= 4 — i’ 

4i = 42’ oe 48° 

a* v' — 


The coefficients of the new currents form the transformation tensor. 
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. (d@) The new components of the impedance tensor are by 
:°zZz°C=7' = 


a’ b’ ¢c! d’ f’ g' 
LaatZ 
a’ aera Xaf Xdg —Xha—Zdd 
’ 2Xop+Xop 
2X ep tX 
pe Xa 
BG.) cae. Zaat2n Xap Xnb Xa Kae: Xi 


ae | eet 


2 _X¥.-— = Xap —Xhy tX. inp Zan Xb Xy 
: Xas Xoy—Z ss Xrg +X 5 ey —Xret+Z kk Lied 

U =a en —Xeg dg tXhj—Zjj Xje— Zin + XiglZ +Znnr—Xh 
6 Xas Xr —ZL ue —XnaktX ax +Xnn—X 3 nee X hj +23; : 


6.17 


a’ b’ c’ a’ f’ g’ 


6.18 


VI. REPLACING MESH CURRENTS BY BRANCH CURRENTS 


Just as actual branch currents i may be replaced by hypothetical 
mesh currents i’, the inverse step 
may also be made, that ts, hypo- 
thetical mesh currents may be 
replaced by actual branch cur- 
rents. 

Using the mesh currents i’ 
of the previous section as start- 
ing points, let them be trans- 
formed to the branch currents 
” shown in Fig. 6.11. — 

Instead of setting up the re- 
lation i’ = C! - i’, at will be found 
easier to set up first the tnverse 
relation i!’ = C’-!-i’. Then Fic. 6.11.—Changing Mesh Currents 
either the equations are solved to Branch Currents 
for the actual currents, or the 
inverse of C’—! is found. (If the matrix of C involves many zeros it 
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is easier to find its inverse by solving a set of linear equations than 
by following the standard procedure.) 

That 1s, the relation between the new (actual) currents i’ and the 
old (mesh) currents are: 


qn! = 42’ 
ui" = — iP 
qk" ae qe’ 


go" Enea gh’ Be gh’ 
qe’ ee qe’ ae cgi? 

qo = 1h = — 4h 6.20 
ja’ me qe’ + qa’ —_ Pha gh" = 7 ght’ + Py ied 

uf" = gm" + gp = gm” _ qi = Ss qo"! + qm!’ 

ge’ — qn’! + qc’ <a gn’! qk’ = ae ght + qn’ 


Hence the transformation tensor 1s 
h” j’ k”’ 1” m’”’ n” 


6.21 


The new impedance tensor is found by z’’ = C’,+z +C’ and the 
new impressed voltage vector by e’”’ = C’,- e’. 


VII. EQUIVALENCE OF BRANCH AND MESH CURRENTS 


(a2) Consider again the network of Fig. 6.7 as reproduced in 
Fig. 6.12, in which the variables are the four actual branch currents 
if, 28,4", and 7*. The actual currents in the other branches are expressed 
in terms of these four currents in some arbitrary order. 

(b) If each of the four currents, 7/, 1, 7", and 2* is traced out in the 
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various branches, it is found that each of them forms a closed circuit. 
For instance, 7* can be traced through the coils Z;, Z,, Za, and Z; so 
that it may be assumed that 7 flows through this mesh. 

That is, a branch current may be assumed as a mesh current that has 
an actual extstence in that particular branch. However, a mesh current 
may not necessarily exist as an independent branch current, as 7’ in 
Fig. 6.11 shows. 

Comparing Figs. 6.12 and 6.13 it is found that the closed meshes 
in which the voltages are added up by C,°e are identical with the 


ih isf : 


.t—— ~=1 2 
U+ik Zag 


Fic. 6.13.—Currents Flowing in 
Fic. 6.12.—Currents Flowing in Branches Closed Meshes 


closed meshes in which the branch currents have been assumed to 
flow in setting up Fig. 6.12. 

Hence from a mathematical point of view the components of i and e’ 
(found after the coils are interconnected) may be looked upon also as 
representing currents and voltages existing in closed meshes, hence the 
fixed indices f, g, h, k may be considered as representing the closed meshes. 
In particular, ef represents the sum of the impressed voltages in mesh f 
and 7/ represents the hypothetical current flowing in mesh f. The 
closed meshes themselves may be either actual (to be traceabic on the 
network diagram along the coils) or fictitious (not traceable through 
actual conductors). 

(c) Just as the hypothetical mesh current i’ may be replaced by 
an actually existing branch current, similarly the hypothetical mesh 
voltage e’ (representing the sum of the actually impressed voltages 
around a mesh) may be replaced by a single voltage actually existing 
in a branch, in particular in that branch in which the mesh current 
has an actual existence as shown in Fig. 6.14. Hence @ mesh current 
and voltage may also be physically represented as a branch current and 
voltage. Mathematically both physical representations have the same 
form and the fixed indices f, g, 4, k may be considered to represent 
either closed meshes or branches. 
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In most practical problems the branch currents have to be selected 
according to the need of that par- 
ticular problem, while the closed 
meshes are assumed purely acci- 
dentally in expressing the currents 
flowing through the various coils in 
terms of the needed branch cur- 
rents, as in Fig. 6.13. Hence 2 ts 
possible to select either the n branches 
Fic. 6.14.—Branch Currents and = gy she » closed meshes arbitrarily; 
prone weltages then the selection of the others 
becomes restricted, although some freedom is still available in their 
choice because of the step from branches to coils. 


VI. CHANGING THE NUMBER OF TURNS 

(a) Another example of an invariant transformation is the step of 
changing the number of turns of coils. 

In network and rotating machine problems the reactances of the 
individual coils or windings are usually calculated by assuming each 
col to have the same number of turns. In the actual interconnected 
network the available copper space is utilized by winding the coils 
with different numbers of turns, thereby changing the calculated self- 
and mutual inductances of the individual coils. 

The change of the reactances due to the change in the number of 
turns can be taken care of in two different manners: 

1. The primitive network itself is assumed to contain coils with 
different numbers of turns, and its components Xqas, Xap, etc., are cal- 
culated with the coils having different numbers of turns. 

2. The coils of the primitive network are assumed to contain 
tdentical numbers of turns (usually one), and the components of z 
are thus calculated. Then a transformation tensor is set up showing 
how the number of turns of the individual coils had changed. 

(b) That is, let the impedance tensor of the primitive mesh net- 
work of Fig. 6.15 be e is 


hd iedl maaan aa ea 
(a) The primitive network 
" nef ont! 
Sere co 
(6) The actual network 
Fic. 6.15.—Changing the Number of Turns 


where each coil has the same number of turns. 
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Let now the number of turns of the coils be changed. In particular 
if the number of turns of coils a and ¢ is unity, then that of coil B is 
my, and that of coil d is mg. The changing of the number of turns ina 
particular cross-section of copper from one to n is equivalent to replacing 
the original current ¢ flowing through the whole cross-section by 1 ‘nth of 
tts value, by 1” = 1>/'n flowing through the smaller cross-section, Fig. 6.16. 
That is, the old currents are the currents flowing through the larger 
cross-section and the new ones are those flowing through the smaller 
cross-section. 

Just as the introduction of short conductors to interconnect coils 
does not contribute any additional resistance or inductance to the 
system, leaving thereby the power input e -i invariant, similarly the 
tntroduction of thin insulation to separate strands of copper does not 
introduce any additional reluctance to the system 
and hence it is a transformation that leaves the or” im 
power input e ° i invariant. er 

(c) The relation between the currents flowing (a) 1 turn (b) my turn 
through the larger cross-sections and_ those 


; Fic. 6.16.—~The 
through the smaller cross-section can be set up by Introduction of 
expressing the currents flowing in each coil in Insulation 


terms of the new currents (Fig. 6.16) and equating 
the old and the new currents (through the same cross-section) in each 
coil as 


4° = 42 = 4° 

rP=nyw’ = nyw?’ 

4° = 1°" _ 4°" 6.23 
it = ng = na 


The coefficients of the new variables give the transformation matrix C. 

The transformation matrix contains only diagonal components, 
each representing the number of turns of a particular coil (or the num- 
ber of turns of the coils in terms of those of some particular coil). 
It should be expressly noted that the components of C may now be fractions, 
not only integers. a’ b’ c d’ 

(d) The impedance 
tensor of the net- 
work containing coils 
with various turns is 


C.-z°C= 
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The impressed voltage vector is by C,;*-e = 
a’ b’ c’ d’ 


Nded 6.25 


e’ =| e, | meen | ee 


This present transformation of changing the number of turns 
rarely occurs alone; usually the coils are also interconnected at the 
same time. 


IX. NEGLECTING THE ‘‘ MAGNETIZING CURRENTS” AS CONSTRAINTS 


(a) In a multiwinding transformer several coils are wound around 
the same iron core as shown in Fig. 6.17. The larger number of flux 
lines, the so-called ‘‘core fluxes,"’ go around 
the core linking all the coils, while the re- 
Core: fx maining flux lines, the so-called ‘‘ leakage 
fluxes,” also travel in the air gap between 
the coils. 

The magnetomotive force M, producing 
Fic. 6.17.—Fluxes in Multi- the core flux, is due to all the currents that 

winding Transformers are linked by the core flux; that is, in a 
multi-winding transformer with four coils 
the m.m.f. producing the core flux is 


M = nt! + not? + nyt? + nat 


The leakage fluxes are produced by m.m.f.’s due to single and several 
currents. The value of these m.m-f.’s is of no further interest now. 

It is customary to assume that the ‘‘ core flux” linking all the 
coils is caused by a so-called hypothetical ‘‘ magnetizing current’ 1™ 
flowing in one of coils, while the remaining ‘‘ leakage fluxes "' are pro- 
duced by the remaining currents, the ‘‘ load currents.’ That is, the 
artificial division of flux lines into ‘‘ core flux”’ (path in iron) and 
“ leakage flux "’ (path in air) leads also to the artificial division of the 
currents into ‘‘ magnetizing current ’’ and “ load current ". 

(b) Since in a transformer the reluctance of the core-flux path is 
small, the m.m.f. producing the core flux may be assumed to be zero, or, 
in engineering parlance, the ‘‘ magnetizing current’ may be neglected. 
This assumption is equivalent to the equation: 


nyt! + nt + 31° + nat* = () 6.26 


that is, the sum of m.m.f.’s around the magnetic circutt 1s zero. 
This last equation sets up a relation between the currents of a 
multiwinding transformer, hence it is an “‘ equation of constraint" 


I@akage flux 
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(Section XV, Chapter IV). In the previous case, constraints on the 
currents were set up by controlling the electric circuit (by opening it); 
here, constraints on the currents are set up by controlling the magnetic 
circuit. 

When a network contains several closed magnetic circuits in which 
the m.m.f.’s producing the core fluxes may be neglected, for each 
magnetic circuit a separate ‘‘ equation of constraint" may be set up, 
making the sum of the m.m.f.’s acting around each magnetic circuit 
equal to zero. 


X. CONSTRAINTS AS TRANSFORMATIONS 


(a) In the previous occasion (Section XV, Chapter IV) equations 
of constraint were introduced by cpening up some of the circuits. 
They were taken care of in two different ways: 

1. The equations were substituted into the already established 
relation i = C -i’ in order to reduce the number of new variables and 
thereby the old C was changed to a new C’ having less columns than 
rows. The number of variables eliminated was the same as the 
number of the equations of constraint. 

2. The already established old C was discarded, and another, singu- 
lar C was established all over again by assuming smaller number of 
new variables. This is the general method used in all networks. 

(b) In the present case a third method of taking care of the equa- 
tion of constraint will be used, since the second method is quite 
cumbersome with the present type of constraint. A separate trans- 
formation tensor C will be set up so that the relation i = C-i' will be 
equivalent to the equations of constraint themselves. That is, the tntroduc- 
tion of constraint will be considered as a separate transformation. 

In any general problem before the introduction of co.ustraint 
there are variables. The effect of the introduction of & equations 
of constraint is to introduce by the use of a trausformation tensor C 
n — k new variables in place of the 1 old variables. 

(c) The steps in setting up a transformation tensor when the set of 
k equations of constraint is given are the following: 

1. Express any k of the variables in the equations of constraint as 
functions of the remaining ” — & variables. 

2. Leave the remaining n — k variables unchanged. 

The above set of m equations represents the relation between the 
* old” and the ‘‘ new” variables (the ‘‘ new’ vartables are simply the 
** old” variables reduced in number), hence the transformation tensor ts 
found by taking the coefficients of the new currents as usual. 
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(d) As an example let the last equation of constraint be given in 
the form 
nyt + not? + n3t° + nit = 0 6.27 


stating that in the four-winding transformer the resultant m.m_f. is 
zero. Expressing, say, 2! in terms of the other three (in order to elimi- 
nate 2!) 

n2 M3. 14. 


a= — —7? —- — 7 — — 74 6.28 
ni n\ ny 


and leaving the remaining three unchanged 
qi mg? 
Be = 78 6.29 
is = i4 
the resulting four equations change the original four currents 2!, 2?, 23, 
and 7* into three currents 2!, 42, and 77. To avoid any possible confu- 
sion the three currents on the right-hand side may be primed, so that 


the set of equationsi = C - i’ (representing the equations of constraint) 
are 


- ne. n3. NE . 
goa — 7 —- — 7’ — — 
ni ni nN1 
op “27 
1 1 6.30 
48 f——4 43" 
4 = 4*’ 


Hence the role of the equation of constraint (6.27) has been 
replaced by the transformation tensor (6.30). 


XL MULTIWINDING TRANSFORMERS 


Let the impedance tensor of the four-winding transformer be 
l 2 3 4 


6.31 


each impedance being calculated with its actual number of turns. 
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Its magnetizing current is neglected by transforming z with the 
aid of C (equation 6.30), giving C,-z-C = 


na 


Hence the effect of neglecting the magnetizing current of a multiwind- 
tng transformer ts to reduce the number of rows and columns of its impe- 
dance tensor by one by a singular transformation tensor C, that is 
the four windings are replaced by three other (hypothetical) windings. 

The impressed voltage vector e’, after neglecting the magnetizing 
current, is C,-e = 


e’ =| e2 — Be 
ny 


ey — - el 6.33 


That is, the difference of potenttal between two windings (reduced to one- 
to-one ratio) 1s taken. One of the two windings is the one whose 
current has been eliminated. 

The load currents i’ in windings 2, 3, and 4 are found by z'—! + e’. 
The currents in the original coils are found in terms of i’ byi = C «i 
and the voltages induced in each coil bye = z-C i’. 

A detailed analysis of multiwinding transformer circuits is given 
in Chapter X. 


XII. MAGNETIZING AND LOAD CURRENTS 


(a) Instead of assuming that the hypothetical magnetizing cur- 
rent i™ producing the core flux is zero, it may be assumed that it 
actually exists in one of the coils, say the one connected to the line. 

In that case this coil is considered as a return circuit for the other 
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“load " currents producing the flux lines in the air. That is in a 
four-winding transformer the ‘ equation of m.m.f.’’ is 


nyt! + nt? + ni? + nit = nim = M _ 6.34 


where 2” is assumed to flow in coil 1. Ifence z! is replaced by the 
following relation 
: ‘ n2. Ss a n4. 
qt = ym — -- 2 — — 7 — — Gt 6.35 
ny n\ n1 


while the other ‘‘ load ”’ currents remain unchanged 


17 = 77 
B= 13 5.36 
i4 = 44 


These four equations may be considered to transform the original 
four variables 2z!, 42, 23, and 7* to four other variables 2”, 22’, 73’, and 2*’ 
Hence the set of equations of transformations i = C -i’ are 


Bie Ya or 3 ngs 
1 nN 
42 = 4? 
‘ _ 6.37 
a= 1 
it 


The coefficients of the new currents form the non-singular (square) 
transformation tensor C. 

(b) This transformation changes not only the currents flowing in 
the coils but also the physical set-up of the network by introducing 
fictitious connections between the coil of 17" and the other coils. The 
fictitious meshes may be established by finding the new voltage 
vector e’ = C,°e = 


m 2’ 3’ 4’ 
ne 4 
e’ =e! e—-"e1 | ee -—e | a—. ae 6.38 
ny ny 


showing that each load circuit is connected in series opposing with the 
magnetizing current. 
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(c) It should be noted that the singular C used to neglect the magnet- 
izing current 1s a part of a non-singular C. It ts found from the latter 
by leaving out the columns corresponding to the magnetizing currents. 

In general, whenever a singular C is set up to represent a set of 
equations of constraint, 2 1s always possible to construct a non-singular 
(square) C by introducing additional new variables (in the present case i”) 
of which the singular C forms a part. 


XII. TWO-WINDING TRANSFORMER 


(a) Let the performance of a two-winding transformer be expressed 
in terms of its ‘‘ magnetizing ’’ and ‘‘ load ’’ current in place of its 
“primary ” and ‘secondary ’’ current. The original components of 
the impedance tensor z and the new transformation tensor C are 


respectively 
m 2’ 


6.39 C= 6.40 


The product C,*z-+C gives the new components of the impedance 
tensor 


6.41 


6.42 


where D = Z11Z22 — (X12)*. The impressed-voltage vector is 


és — = é1 6.43 
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(6) If no impressed voltage exists on the secondary, then e2 = 0 and 


| (Zee 7 a Xi2)/D lex 


[— X12/D]e1 


6.44 


giving the ‘“‘ magnetizing "’ and ‘‘ load ”’ currents. 
(c) The currents in the two windings in terms of i’ are found by 


i=C-i’ 
i-[e—ne |e] ua 


That is, the primary current 2! is the sum of the magnetizing current 7 
and the load current —17?’(n2/m). 
The voltages induced in the two coils are found by z «C+ i’ as 


1] Zn" + (x =  Z11) 2’ 
_——————______— 6.46 


Ce = 


2) Xit™ + (22 ~— i Xu) al 


XIV. THE OPENING OF CIRCUITS AS TRANSFORMATIONS 


(a) As another example to show that a set of equations of constraint 
may be replaced by a singular transformation matrix C let some of the 
meshes of a network (whose equation e = Z°i has already been 
established) be opened up, without, however, removing any of the coils. 

For instance, let the network of I'ig. 6.18 be considered having six 
meshes with the six variables 
4*, 2, 1°, 47, 7, and 7. Its im- 
pedance tensor is given in equa- 
tion 6.17. 

(6) Now let the branches be 
opened, in which the following 
currents flow, 2, 7 — 7, and 
a’ — 2°, as shown in Fig. 6.18. 
These openings are equivalent 
to the following equations of 
constraint 

? = 0 
TOR “ew#—tz%=0 6.47 
Fic. 6.18.—The Opening of Branches yvy—?=0 
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The effect of these constraints is to reduce the number of variables 
by three, namely from six to three. Selecting arbitrarily as the 
remaining variables 2°, 7°, and 7/ as shown in Fig. 6.19, the following 
relation i= C-i’ between the old 
and the new variables is equivalent 
to the equations of constraint 


6.48 


one 


Fic. 6.19.—The New Variables 


(c) Hence the impedance tensor of the reduced network of Fig. 6.19 
is found from equation 6.17 by C,-z*C = 


a’ c’ d’ 
0 —Xoa—Zad 
z! = Zee +Znn +233 —2Xnj | Xnj—Xne+X je — Zi 6.49 


Xn —Xnet+Xje—Z yz | Zaat+Zyz +Zek —2X yp 


The same result could have been found, of course, for Fig. 6.19 
by starting with the primitive 
network instead of with Fig. 
6.18 and by setting up a new C 
containing the same three new 


variables. 
(d) Instead of putting an 
actually existing current flowing CY 


in a branch equal to zero, it is 
possible to equate a hypothetical 
mesh current to zero such as #4 
in Fig. 6.18. This is equivalent 
of removing the mesh f by open- 
ing it at some junctions, as Fic. 6.20.—The Opening of a Mesh 
shown in Fig. 6.20. 
(e) When the equations of constraint have the simple form, 
a> = 0,74 = 0, #/ = 0 (Fig. 6.21), then the operations C, > z « C consist 
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of simply removing the rows and columns of b, d, f from the tensor 6.17. 
The transformation tensor C is 


C= 6.50 


The impedance tensor z’ of 


TOW the network of Fig. 6.21 1s found 
Fic. 6.21.—The Opening of Branches by inspection from the tensor 
and Meshes 6.17, representing C,*z°C as 
a’ c’ g’ 
z’ = Lic + Zee + 2X cg ai X cg = Lee 6.51 


= Kew — Lye Zee + Znn + Zij — 2Xnj 


(f) The voltages in the individual cotls cannot be found bye = z+C ei’, 
since Z 1s not the primitive network. This formula gives the voltages 
induced around a mesh (whether a mesh is open or closed), since the 
original equations that are transformed by C represent mesh equations 
of the network of Fig. 6.18. If the voltages induced in the individual 
open-circuited coils are desired, then the starting z should represent 
the impedance tensor of the primitive network. 


XV. PERMUTATIONS AS TRANSFORMATIONS 


(a) The transformations considered up to this point represent 
either a rearrangement of the physical system or the selection of dif- 
ferent variables. In many cases the transformation consists of simply 
changing the order in which the variables appear. Such a change 1n the 
order of the variables 1s called a ‘‘ permutation.” For instance, in 
several three-phase systems sometimes it is desired to place side by 
side those axes of each system that belong to the first, second, and third 
phase respectively. Or when the coils of a d-c. winding are connected 
to a commutator the effect of the commutator 1s to change the order in 
which the voltages generated 1n the individual cotls are added up into the 
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terminal voltage at any one instant. Or the order in which a switch 
turns on a series of lamps represents a permutation, and so on. Such 
examples of permutation that occur in engineering work can be con- 
tinued indefinitely. 


(6) As a simple example let e, i, and z of some system be calcu- 
lated as 


g ia jk b h ec dé f 


(c) Now let the order of the axes change from g, i, a, j, k, b, h, 
c, d, f to g, j, h, f, a, b, d, i, k, c. That is, let every fourth axis be the 
neighboring axis. Such a change in order is equivalent to the 
transformation 
48 = 48 
gi ee ii’ 
427 = 42’ 


i* 


6.55 


it = ie’ 
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6.56 


6.57 


That is, the currents themselves remain the same; only the order 
in which their axes appear on top of the transformation tensor changes 
as shown. It should be noted that all components of the transforma- 
tion tensor C of a permutation are zero except one in each row and in 
each column. 

The new components of the voltage vector are by C;* e = e’ = 


The new components of the impedance tensor are found by 
C; °-z°Cas y j’ h’ ¢! a’ b’ d’ i’ k’ c! 


Res | Ce | Ei | Eo | ee enenenoc ff emcee eee | meseaEn ne | nae || eee 
PEE | Ee | AOU | SOE | ter eioere | ee fee | marae | COMPRES ff tea 
eee | armen | eateries | De | Ee, | es | See: | ERS | eee 
a | EE | OEE | ON | EES | SE | RSS | NEED | EOE 


oe ed 6.59 


ee | A | I | aes || CEES | CEN e | Ree | EAR | Ea AGS ff CHEER 


TGs || COs | OES: | Tes | CS | Ee | Ee | REACT | 


eon cece | Rc | Os | Oe | A, | CTE | Se: || EERE | GEE 
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The permutation C on z may be performed more quickly by first 
interchanging the columns of z, (giving z-C), then interchanging the 
rows of z*C, giving C,.-z°C. The steps C,:z+C are shown only 
to serve as introduction to more complicated permutations. 


XVI. CLOSED WINDINGS AS PERMUTATIONS 


(a) More complicated examples of permutations are the closed 
d-c. armature windings, in which the conductors are cut by the field- 
pole flux in a different order from that in which the currents flow 


through them. 
As a simple example consider sixteen conductors placed in sixteen 


se 
S 
mee 


Fic. 6.22.—Magnetic Order ina Fic. 6.23.—Electrical Order in a Closed 
Closed Winding Winding 


Cf 


The numbering of the conductors shows the order in which they 
cut an outside flux as they rotate. 

(6) Now let the sixteen conductors be connected into a continuous 
closed winding by interconnecting, say, every fourth conductor in oppos- 
ing series in the order, 1, —4, 7, —10, 13, —16, etc., until all con- 
ductors are covered, as shown in Fig. 6.23. 

Because of this interconnection a current starting in conductor 1 
will flow next through conductor —4 (in opposite direction through 4) 
then through 7, and soon. That is, the effect of this type of continuous 
interconnection 1s to change the order of the conductors as far as the 
currents are concerned. The new numbering of the conductors is 
shown in Fig. 6.23. 

That is, the numbering of Fig. 6.22 shows the order in which 
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an outside flux cuts the conductors as they rotate and the numbernug of 
Fig. 6.23 shows the order in which a current flows through the con- 
ductors. 

(c) This change in the order of the conductors as viewed from a 
flux or from a current may be expressed as a transformation i = C:i’ 


1’ 2’ 3’ 4’ 5S’ 6% 7 8 9% 10’ 11% 12’ 13’ 14’ 15’ 16’ 


Fee ' 
ey 9 
me 3 
F) ee 4 
‘5 j13 5 
18 = —48 6 
4! 43" 7 
Feeney CT 8 
pa. ow © 9 
j10 — _ 74’ 10 
jill ls! i 
j12 — — 710° 12 
j3— 45" 13 
ji4 — — 716’ 14 
giSa_ gil’ 15 
j16 — — 76’ ‘é 


6.60 


This transformation tensor changes the electrical order of the conduc- 
tors (primed numbers) to their magnetic order. It is easily established 
as follows: starting in the upper left-hand corner, the numbers 1 and —1 
are placed tn a corresponding row tn the same order as the conductors are 
interconnected (1, —4, 7, —10, 13, —16, etc.), each time shifting the 
column by one to the right. 

It should be noted that in each row and in each column only one 
non-zero component exists. Also just as the winding goes three times 
around the circumference of the armature before it closes, similarly the 
numbers + 1 cover the matrix three times in slant lines before they 
cover all columns. 
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XVII. CONTINUOUS D-C. WINDINGS 


(2) As a more complex example of a d-c. winding, let the sixteen 
slots contain thi cy-two conductors, two in a slot, one above the other, 
as shown in Fig. 6.24, where the end view of the conductors 1s shown. 


12' 
Fic. 6.24.— Magnetic Order Fic. 6.25.—Electrical Order 


From the point of view of an outside flux, there are still sixteen con- 
ductors, since a top and a bottom conductor of a slot are cut by the 
same flux at the same instant. 

(6) Let the thirty-two conductors be interconnected as follows: 
top of 1, bottom of —3; top of 6, bottom of —8, and so on as shown 
in Fig. 6.25. Considering two neighboring interconnected conductors 
as forming a coil (say top of 1 and bottom of — 3), the conductors are 
connected into coils and the coils into a winding in the following 
manner: 

1. The two conductors of a coil cover two slots, that is, the ‘' coil 
pitch" is 1 — 3. 

2. Every sixth coil is connected in series, that is, the ‘‘ commutator 
pitch "is 1 — 6. 

Viewed from the flux a top and a bottom conductor form the 
smallest magnetic unit (altogether sixteen units), and viewed from the 
current the two conductors of a coil form the smallest electric unit 
(altogether sixteen units). 

(c) Hence the transformation tensor, changing the magnetic order 
to the electrical order, contains sixteen rows and columns, as: 
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1’ 2’ 3’ 4’ S’ 6’ 7 8 9 10/7 11’ 12’ 13’ 14’ 15’ 16’ 


ee amare i 
jo = 79" — 415" 
g10 76’ 4712 
gil 43’ — 79’ 
gl? = 416’ _ 46’ 
g13 as G13’ — 73 
gl4 a g10’_ 516’ 
gS meg?! — 713" 


16 2274’ — 710’ 


It is easily established by starting in the upper left-hand corner; the 
numbers 1 and —1 are placed into a corresponding row tn the same order 
as the conductors are interconnected (1, —3, 6, —8, 11, —13, etc.), 
shifting, however, the columns to the right only for a +1. In each column 
a +1 and a —1 exist representing the two conductors cut by the 
same flux (the magnetic units). That is, now in each row and column 
two non-zero components exist. 

The use of this transformation tensor C in d-c. winding calcula- 
tions is shown in Chapter XI, Section XV. In d-c. windings C occurs 
of course with still more complex form. 

(d) The left-hand side of C represents the actual spatial order of 
the coils as they lie in the slots. _C may be looked upon as transforming 
discrete points of the actual space into a hypothetical space in which 
these discrete points are arranged in a different order, corresponding to 
the order in which electric charges flow through them. 

It is possible to leave empty rows in C to represent the feeth on the 
armature along which no conductors lie, as shown in Fig. 6.26 for a lap 
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Now the left-hand side represents still more 
accurately the spatial order and position of the condu 
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with respect to the field poles as shown on the left-hand side of Fig. 


winding with 70 coils. 
6.26. 
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6 
The rotation of the armature may be represented by moving the 


brushes to the left and the field poles upward simultaneously. 
brushes move, each time they make or break a contact with a column 


actual space position of the short-circuited coils with respect to the 


coils represented by +1 and —1 lying directly under them. 
poles is shown on the left-hand side. 


Fic. 
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they short-circuit or open-circuit a coil. Hence z/ zs posszble to visualize 

on the transformation tensor the coils as they are short-ctrcutted by the 

moving brushes at each tnstant and thetr instantaneous position with 

respect to the field poles, as shown on Fig. 6.26 for one particular instant. 
The subject of commutation is not undertake:. in these pages. 


XVIII. PHYSICAL INTERPRETALION OF THE 
TRANSFORMATION TENSOR 


(a) When the transformation consists of changing physically one 
network into another network by interconnections, the components of the 
transformation tensor C (containing only integers) completely determine 
the physical set-up of the change. That is, the transformation tensor 
represents a mathematical photograph of the diagram of connection. 
In particular: 

1. The columns of C enumerate the old meshes, whose coils build 
up the new meshes. 

2. The rows of C enumerate the new meshes whose coils build up 
the old meshes. 

It is interesting that some meshes may be enumerated several times 
(see equation 6.2). 

(b) When the ‘‘ old” network ts the ‘' primitive’ network and each 
old mesh 1s an tndividual cotl, then and only then, 

1. The columns of C enumerate the cotls that build up the new meshes. 

2. The rows of C enumerate the new meshes to which each coil 
belongs. 

These relattons serve as powerful atds in determining the mesh net- 
work tf tts transformation tensor 1s known. In problems of network 
synthesis the transformation tensor C is known, giving a network 
having a desired performance characteristic, and the problem is to find 
such a network. 

(c) The components of C completely determine also the electro- 
magnetic relations between the two networks. In particular: 

1. The columns of C enumerate the old meshes whose voltages e 
add up to form the new mesh voltages e’. 

2. The rows of C enumerate the new meshes whose currents i’ add 
up to form the old mesh currents i. 

(d) When the old network is the primitive network, then 

1. The columns of C enumerate the coils whose voltages e add up 
to form the mesh voltages e’. 

2. The rows of C enumerate the mesh currents i that add up to 
form the coil currents i. 
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(e) The study of such transformation tensors C containing only 
integers is undertaken in a branch of geometry called ‘ topology.” 

When the transformation consists of other types of changes and the 
components of C may be fractions also, then other interpretation has 
to be assigned to the components of C. In general, each group of 
transformation tensors has a different physical tnter pretation. 


CHAPTER VII 


COVARIANT AND CONTRAVARIANT INDICES 


I. UPPER AND LOWER INDICES 


(a) In equations 4.32 and 4.33 the following transformation 
formulae were introduced for the current and voltage vectors: 

i! = C-!-j i" = Cr i" 6.1 

e’ = C;°e C,' = Ce Ca 6.2 


It should be noted that in changing the old components of the 
voliage vector ¢, to the new components ¢,’, the transformation tensor 
is C2. (in index notation C and C, are both represented by C?). On 
the other hand, in changing the old components of the current vector 
i* to the new components i* the transformation tensor is C®, that is, 
the inverse of Co. In other words, 7m changing over to a new reference 
frame (or system) the current vector does not behave the same way as the 
voltage vector. For instance, in connecting two coils in series, the 
currents through the two coils remain identical, while the voltages are 
added, on the other hand, connecting the two coils 1m shunt the cur- 
rents are added and the voltages are identical. 

(b) To represent this difference in the behavior of the voltage and 
current vectors during a transformation, in index notation the voltage 
vector always has a lower index, as e,, while the current vector always has 
an upper index, as 1°. (In direct notation the distinction between 
the two types of vectors is not made.) 

The lower indices are called “‘ covartant"’ indices and the upper ones 
“* contravartant " indices. Accordingly e, ts called a ‘‘ covariant vector" 
and 4° a ‘‘ contravariant vector.’’ By convention the variable represent- 
ing a velocity, in this case 2%, always has an upper index. 

It is emphasized that the voltage vector is not an “ inverse ” of the 
current vector. The voltage vector behaves in an inverse manner to the 
current vector only when a new reference frame is introduced. When 
an equation refers to only one particular reference frame, the distinc- 
tion between the current and the voltage vectors disappears. 

(c) Just as vectors have lower or upper indices, similarly the indices 
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of other geometric objects also are lower or upper. In particular, 
Since a geometric object 1s multiplied by Cz: or by its inverse Cx’ as many 
times as it has indices, each index that is multiplied by the transforma- 
tion tensor C = C%. (or by C,) is written as a lower (covariant) index, 
while an index that is multiplied by its inverse C~! = C2?’ (or by C,7') 
is written as an upper (contravariant) index in order to balance the 
indices. 
For instance, since the transformation formula of z is 


z’=C,-z-C | Zap = ZapCuCy 7.3 


both indices of zag are lower (covariant) indices. With this arrange- 
ment one of the dummy indices is an upper, the other is a lower index. 

(dq) To find the transformation formula of y = z~!, consider the 
current equation 


i=y-e | 1% = ybe, 7.4 
Replacing i and e by their value along the new reference frame 
C-i’ =y-(C,!-e’) | Cut = yr8C8 es, 
Multiplying both sides by C=! on the left 
i’ = C-)-y-C, !-e’ | jw’ = yC2'C§' ep, 


Since along the new reference frame the current equation 6.4 has 
the same form as it has along the old reference frame, namely 


i’) = y'-e’ | it’ = y'B'e,, 7.5 


it follows that the transformation formula of y is 


y’ = C7 ey°C,7 | | ya’ B = yBCa'C§’ | 7.6 


Hence y@ is written with two upper (contravariant) indices showing 
that in its transformation formula the inverse of C = C%, namely 
Ca’, occurs twice. 


I. GEOMETRIC OBJECTS 


(a) All equations of tensor analysis are so formulated that they 
should be valid for an infinite number of reference frames or systems. 
Consequently, there is a constant need to find the components of 
geometric objects in various reference frames with the aid of their 
transformation formulas. 

Hence with every geometric object used tn tensor analysts a permanent 
formula of transformation" is associated, which remains unchanged 
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throughout the whole analysis. The possession of a permanent “ formula 
of transformation” differentiates the components of a ‘‘ geometric object”’ 
from an ‘‘n-dimensional matrix” and endows the object with an existence 
as a separate mathematical and physical entity. 

(6) In tensor analysts every separate symbol (or “ base’’ letter) 
4s a ‘‘ geometric object," that 1s an ‘‘ n-dimenstonal matrix" plus a 
** transformation tensor"’ plus a “ formula of transformation."’ On the 
other hand, matrix analysis deals with n-dimensional matrices that 
have no formula of transformation permanently attached to them. 
In other words, matrix analysis deals with n-matrices that are valid for 
one particular reference frame or one particular system only. Any trans- 
formation that may be used in matrix algebra is incidental, and usually 
no ‘‘form” remains invariant under the transformation. On the 
other hand, tensor analysis is the study of only such equations and their 
properties that remain invariant under some group of transformation 
matrices C. Hence ‘‘ tensor analysis ’’ and the study of “ invariant 
transformations "’ are synonymous. 

(c) When incidentally in tensor analysis matrices of various dimen- 
sions occur that have no formulas of transformation associated with 
them, thetr indices will be enclosed 1n parentheses as Ava) OF Aang); 
indicating that the indices have no covariant or contravartant significance, 
and that the components of the -matrix are arranged in a row, or in 
a square, etc. 

Hence so far the following types of indices have been introduced: 


1. Faxed and variable (e,, ea). 

2. Free and dummy (A agt®). 

3. Open and closed (Aap, Ata)(p)): 
4. Upper and lower (1%, ea). 


(d) Summarizing the new concepts, 1” these pages so far three 
different types of numbers have been introduced: 

1. Sets = a set of numbers arranged in some order, in a row, or a 
square, or a cube, etc. 

2. n-Way matrices = sets plus rules of mantpulations. Studied in 
matrix algebra, etc. 

3. Geometric objects = n-way matrices plus a group of transforma- 
tions plus formulas of transformation. Studied in tensor analysis. 

n-Matrices have nothing whatever to do with transformations; on the 
other hand, geometric objects are created by means of formulas of trans- 
formations permanently attached to them. If the transformation formula 
is removed from a geometric object, its unity disappears and 2¢ dtsinte- 
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grates into its component parts, that is, into an infinite number of 
m-way matrices. 

Expressed in another way, the existence of a group of transforma- 
tion matrices C shows that an available series of m-matrices (say the 
calculated impedance matrices of a large number of networks each 
containing the same ” cuils) are not independent of each other, but 
represent different cross-sections of one and the same physical entity, 
“‘ the impedance tensor Zag.’ The interrelation of the various matrices 
is shown by the fact that it is possible to derive any one from any 
other one with the aid of a C%- by the transformation formula of Zag. 
If the group of transformation matrices Cy. showing the manner of 
connection of the cotls of the various networks is not available, then the 
vartous impedance matrices are independent of one another and do not 
form part of one single object. 

It is again emphasized that it is not necessary to represent the 
components of a geometric object along some particular reference 
frame in the form of an n-way matrix. The components may be 
arranged in any arbitrary manner since the indices take care of their 
correct manipulation anyway. The arrangement of the components 
of a geometric object of valence 1 into an n-dimensional matrix was 
found to be convenient in routine calculations since many manipula- 
tions with the components of a geometric object and with an n-way 
matrix happen to be identical. 

(e) The distinction between a geometric object and an n-matrix 
is of the same nature as the distinction between a 2-matrix and a 
determinant. Now both a 2-matrix and a determinant appear the same 
as far as the eye 1s concerned, still they are different types of concepts. 
The determinant is of a more restricted type, since a 2-matrix has a 
determinant but a determinant does not have a matrix. The 2-matrix 
consists of k? entitics, but the determinant is one entity. 

Similarly a geometric object of valence n and an n-matrix appear the 
same as far as the eye is concerned, but yet they are different types of 
concepts. The m-matrix is of a more restricted type since a geometric 
object has an n-matrix (a different one along each reference frame) but an 
n-matrix does not have a geometric object. The fixed indices do not 
belong to the 2-matrix, but they do belong to the geometric object. 
The geometric object is one entity; the 2-matrix consists of k" entities. 

That is, a determinant, a 2-matrix, and a geometric object of 
valence two appear the same to the eye, all three consisting of a set of 
numbers arranged in a rectangle, but still intrinsically they are three 
different types of concepts, like a rough sketch of a statue, the photo- 
graph of the statue, and the marble statue itself. The single entity, 
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the statue, has a large number of photographs, each taken from a 
different view. 

Generally speaking, the distinction between a geometric object and an 
n-matrix is of the same nature as that between an n-matrix and one of tts 
components. An n-matrix is only a component of a geometric object. 
Of course, n-matrices may exist apart from geometric objects. 

(f) It cannot be sufficiently emphasized that n-matrices do play an 
amportant part in the manipulation and solution of the equations of tensor 
analysis just as determinants do, and the greater command the engineer 
has of the theory of matrices and the theory of determinants the 
better equipped he is to profit by the concepts and methods of tensor 
analysis. 


Il. INTERMEDIARY GEOMETRIC OBJECTS 


(a) A geometric object may contain indices that belong to two (or 
more) different reference frames such as Zag. They are called “ tnier- 
medtary geometric objects.” 

An example of such a geometric object is the transformation tensor 
Cs. Another example has already occurred in the calculation of the 
differences of potential existing in the individual coils of a network by 
e=2z-C-i’. The combination z°C = 2n,Cy may be written by 
one symbol as 


Zmn’ = pane Bi | 21 =Z° C 7.1 


representing a new form of the impedance tensor. 

(b) Just as geometric objects may belong to several reference 
frames, similarly the equations of tensor analysis may contain various 
geometric objects that individually or with their individual indices 
belong to several reference frames. That is e, may belong to one, 2™ 
to another reference frame, but still both occur in the same equation. 
Such an example is the equation giving the voltages along the old axes 
in terms of the mew currents as 


| i" 


Such an equation occurs whenever the impressed voltages are ex- 
pressed along different meshes than the currents are, as was shown 


in equation 6.12. 
Another example is the equation of transformation 


im = Chin | i=C-'/ °— 79 


Equations with intermediary geometric objects play an important 
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part in electrical engineering since the currents, voltages, impedances, 
etc., may be expressed in several types of reference frames, each in a 
different one, and it is rarely desired to reduce all of them to the same 
reference frame. 

(c) Instead of saying that Zag is a geometric object of valence two, 
it is said that Zag is a geometric object of valence one in the a reference 
frame and a geometric object of valence one in the a’ reference frame. 

This view is necessitated by the fact that when the a ref- 
erence frame is changed to a” by Cf. (leaving the a’ reference frame 
unchanged) then Zag: is multiplied by C4. only once as Zag'CQ, giving 
Zag. A Similar situation arises in changing the a@’ reference frame. 


IV. ASSOCIATED GEOMETRIC OBJECTS 


(a) Since a geometric object may have upper or lower indices, 
depending upon whether an index has to be multiplied by C%- or by its 
inverse CQ’, there ure several types of geometric objects of the same valence 
having the same base letter. In particular there are: 

1. Two types of valence one: Aa, A*. 

2. Four types of valence two: Aas, A%, A28, A%s. 

3. Eight types of vaience three: Aggy, A297, Aj87, A%g,, A%%”, 
Aly A Aa: 

Each of these represents the same physical entity, but in a different 
manifestation. 

In order to show clearly whether an index is an upper or a lower 
index, and to indicate the correct order of the indices, t¢ 1s customary to 
fill with a dot the empty space opposite an upper or a lower index as in 
AS. in order that 6 should not be written, for instance, above y, 
in which case it could not be decided whether B is the second or the 
third index. 

(b) Geometric objects of the same valence that have the same base 
letter but indices in different positions are called ‘ assoctated " 
geometric objects. 

Aag is called a ‘ doubly covariant "’ geometric object of valence 
two, A is “ doubly contravariant,” A,’ is a ‘‘ once covariant and 
once contravariant ’’ geometric object, and so on. In general, one 
with upper and lower indices is called a “ mixed '’ geometric object. 

Once the position of the indices has been fixed by the requirement. 
of the problem, their position and order cannot be disturbed in general. 
Later on, rules will be given for raising or lowering an index in special 
cases. 

(c) Because associated objects of the same valence, say Aag and 
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A.°, are different types of representations of the same entity A, 
| associated objects with different indices cannot be added, even though 
‘they have the same valence. For instance, Aas and A,’ cannot be 
\ added. 


V. LINEAR AND FUNCTIONAL TRANSFORMATIONS 


(a2) The most important geometric object is the “ transformation 
tensor’ Car. It ts the key to tensor analysts. 

The transformation tensor C4, differs in many respects from other 
geometric objects of valence two. It has one upper and one lower 
index, but it is not shown whether a is the first or the second index. 
Also, one of its indices a belongs to the old reference frame while its 
other index a’ belongs to the mew reference frame. That is, it is an 
‘intermediary geometric object.’’ The indices of most geometric 
objects hitherto introduced all belong to the same reference frame as 
Zap OF 2q'8'. 

(b) The transformation tensor Co. ts found by setting up a relation 
between the old and the new contravariant variables. Two cases will be 
distinguished : 

1. A linear relation can be set up between the variables (as in all 
cases so far considered) i = Ci’. 

2. A functional relation only can be set up between the variables 
i = f(i’). : 

(c) When a linear relation can be set up between the old and the 
new variables, the transformation tensor is found by taking the coef- 
ficients of the new variables as 


xe = Cox" or 14 = Coa’ 7.9 


Only in simpler problems (such as networks, where the variables 
are the currents or voltages) is it possible to set up a Jinear relation 
between the old and the new variables. In such cases the components 
of Ca: are all constants. 

(d) In more complex problems (in field problems with curvilinear 
coordinate axes or in rotating electrical machines, where the variables 
x* are not the currents, but the charges and rotor displacement) no 
linear relation can be set up between the old and the new variables. 
In such general cases the transformation tensor Co ts found by setting up 
a relation between the “ differentials’ dx* (or currents dx*/dt) of the 
variables x* and taking the coefficients of the new differentials as 


Gx" a dx 


dx* = Cl. dx’ —= C= . 
x a ax* or 7 a 7 7.10 
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In these cases the components of C% are not constants, but are functions 
of the variables. Such a transformation tensor is for instance 


that occurs in electrical machine studies. Some of the components 
are functions of the variable x’ (there are five variables x*, x°, x°, x%, 
and x/). 


VI. HOLONOMIC AND NON-HOLONOMIC TRANSFORMATIONS 


(a) The relation between the old and the new differentials is 
established in two different manners: 

1. If the relation between the old and the new variables x7 = f(x’) 
is known, then the differential of both sides 1s taken as 


711 


7.12 


~ @x®’ 


Such transformations are called ‘* holonomic transformations." 

2. If no relation can be established between the old and the new 
variables x* and x*’ then the relation between the old and the new 
differentials dx* and dx@’ is usually determined by the problem itself 


in the form 


Since C%. cannot be written as dx%/dx%', such transformations are called 
‘* non-holonomic transformations.” 

As soon as spatial motton enters into electrodynamics, as in rotating 
electrical machines, by far the largest number of problems involve non- 
holonomic transformations. 
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(b) Although the transformation tensor is defined by a linear 
relation between the old and new contravariant variables or their dif- 
ferentials, it does not follow, however, that in each problem the trans- 
formation tensor C%. must be established in the manner of equations 
7.10 or 7.11. In some problems it is easier to determine first the 
inverse of Cg: by the relations 


ev = CO’ x* or dx® = Ct’ dx* 7.14 
or by the relations between the covariant variables 
Ee = Cc. Fa or dE. — Ce. dk e 7.15 


In other problems it is easier to set up a relation, say, between the old 
and the new impressed voltages ea, instead of the response currents 2%, 
and the transformation tensor may be determined from the set of 
equations 

Ca = Creq OF Ca = CO Ca 7.16 


(c) The more advanced concepts of tensor analysis appear only 
when the components of the transformation tensor CQ are functions 
of the variables x*. 


VII. THE FORMULAS OF TRANSFORMATION 


(a) Each time a new geometric object is introduced into the analysis, 
the first step 1s to find tts transformation formula, in order to assign to 
it upper and lower indices, etc. Once the indices have been attached 
to it (a lower index for each C%- and an upper index for each C9’), 
any time throughout the analysis zts transformation formula (or at least 
a part of 1t) can be found, when it is needed, uutomatically from the 
position of the indices since in multiplying the geometric object with 
Ca or with C%’ one of the dummy indices is an upper, the other a 
lower, index. For instance, 


40 = 19CO ii =C-!-j 

Cat = €aCG: e’ = C,-e 
Sarg) = Bap CCE z= C,2°C 7.47 
yr B! = yabCo' CR y =C-!-y-C,-! 
Avg = Aig’ CuCyCr’ A’ = cannot be represented 


It should be noted that the indices of the mew reference frame are 
primed and that on both sides of the equations the free indices are 
tdentical and occupy the same position. Also it should be noted that 
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the direct notation needs additional symbols when three or more 
dimensional geometric objects as Aj,” are used. 

The transformation formulas of geometric objects in general, how- 
ever, are more complicated than that shown; they contain also 
additional terms. 

(6) In case of a geometric object the number of dimensions in 
which its components are arranged is the same as its number of 
indices. Also its number of indices is the same as the number of 
transformation tensors with which it is successively multiplied. In 
order to emphasize that the number of dimensions in which its compo- 
nenis are arranged depends solely on the number of transformation 
tensors 1t attracts, an ‘‘ n-dimensional geometric object ’”’ is called 
instead a “' geometric object of valence n,"’ suggesting an analogy to the 
chemical valence of molecules. The expression ‘ n-dimensional 
matrix ”’ or ‘‘ n-way matrix ”’ is retained, however, since an n-matrix 
attracts no transformation tensors. 

(c) In index notation in a term the order of the geometric objects 
is immaterial, if their components do not contain operators. Also 
both C and C; are represented by Cf, and both C7! and C,° ' by Cé’. 

Whereas in direct notation it has to be constantly remembered 
whether C, C;, C~' or C,~! is to be used and in what order, no such 
difficulty exists in index notation. On the other hand, in index 
notation the position of the indices has to be remembered. 


VUI. THE FORMULAS OF TRANSFORMATION OF INTERMEDIARY 
GEOMETRIC OBJECTS 


(a2) When the indices of a geometric object, say Zag or ("G-, refer 
to two different reference frames, both frames may be replaced by new 
ones. Each old reference frame needs a transformation matrix of 1ts 
own to change it to a new one, hence two different transformation matrices 
are used, say CG. and Cg (or C; and C2), so that 


The first C; = C%.. changes the unprimed frame to the double- 
primed frame, and the second C2 = C%,,, changes the primed frame 
to a triple-primed one, so that after the transformation the geometric 
object still is expressed along two diffcrent reference frames. (Of 
course, it is possible to transform only one of the reference frames, 
thereby using only one transformation matrix.) 
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(6) The transformation formula of the transformation tensor Co 


ttself becomes 


This new transformation matrix C’ can change indices from the 
double-primed to the triple-primed reference frame, while the old C 
changes indices from the unprimed to the primed axes (or vice versa). 
In index notation the transformation formula of C follows auto- 
matically from the indices. In direct notation its derivation is as 
follows: 
Given the equation 


Ce eCt Cn Ce. 


i=C-j’ 7.20 

Let both i and i’ be changed by 
i= C,-i”’ 7.21 
i! = Co i”! 7.22 
Substituting Ciei’! =C-Coe i” 7.23 
or i’ =C,—-C-Co-il” 7.24 
Since i = Cl ey 7.25 
therefore C’ =C,-!-C*Ce 7.26 


IX. INDUCED GEOMETRIC OBJECTS 


(a) When the transformation tensor C?- is singular (not square) 
the new reference frame has a different number of axes, usually less 
than the old reference frame. Similarly the geometric objects found 
with the aid of Ca. have fewer rows or columns than the original ones. 
The geometric objects found with the atid of a singular C% are called 
‘““anduced geometric objects.’ Practically all the geometric objects of 
mesh networks and junction networks (but not of orthogonal net- 
works) are “‘ induced "’ geometric objects. 

Whenever a transformation tensor is singular 1f 1s usually possible 
to establish another transformation tensor which 1s non-singular (square 
with non-zero determinant) by assuming addtttonal reference frames 
(actual or hypothetical) so that the singular Co forms a part of the non- 
singular one. Similarly all induced geometric objects form a part of 
other objects that are found with the aid of the non-singular C%. and 
have components also along the additional reference axes. 

It should be noted that the original geometric object cannot be 
reestablished from the induced ones. 
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(6) When the transformation tensor C%- is singular and its com- 
plementary part (augmenting it to a non-singular C@-) is not available, 
then geometric objects with contravariant (upper) indices cannot be trans- 
formed from the old to the new axes, since the inverse of Cg, cannot be 
found. Similarly, if the inverse of C%-, namely C%’, is known and is 
singular, then geometric objects with covariant (lower) indices cannot 
be transformed from the old to the new axes. 

The situation is reversed when it is desired to transform from the 
new to the old axes. Then covariant indices like y*’8’ can be trans- 
formed as y?’?’C2.C§-, and contravariant ones cannot. 

(c) Most singular trausformation tensors CG occurring in this 
volume can be augmented to non-singular ones, for instance, by con- 
sidering both meshes and junction-pairs of a network, or by assuming 
both magnetizing and load currents. In the synthesis of networks 
many singular transformation tensors occur however, that cannot be 
so augmented. 


X. INVARIANTS 


(a) One of the functions of tensor analysis is to investigate what 
happens to a set of equations when new sets of variables are introduced. 
In particular, tensor analysis attempts to determine those characteris- 
tics of a set of equations that do not change when new sets of variables 
are introduced. 

In such studies there are two main centers of interest: 

1. The set of equations that is to be transformed. 

. 2. The set of equations showing how the variables are to be 
transformed, that is, the ‘‘ group of transformations "’ x* = f(x*’) to be 
used for changing the variables. 

Now if a ‘‘ set of equations "’ and a ‘‘ group of transformations "' are 
given, all properties of the set of equations that do not change while the 
variables are changed are called ‘‘ invariants "’ of the set of equations under 
the group. 

Of course the “ invariants ’’ of a set of equations are also “ invari- 
ants '’ of the physical system described by the set of equations. Hence 
tensor analysts investigates those properties of a physical system that do 
not change when the system is rearranged or 1s viewed from a different 
potnt of view. 

(b) In the equations hitherto considered the following types of 
‘‘ invariants '’ have been encountered among others: 

1. Invariant equations, such as the equations of voltage, current, 
etc., whose form remains invariant under the group of transformations 
used. 


186 COVARIANT AND CONTRAVARIANT INDICES 


2. Invariant forms, such as the stored magnetic energy 
(1/2)lant™2" Or Power ém2™, etc., whose form remains unchanged. 

3. Invariant geometric objecis, whose base letter remains unchanged 
in all reference axes. 

4. Invariant rules for the addition and multiplication of geometric 
objects, etc. 

5. Invariant properties, such as the sum of the number of meshes 
and junction-pairs is equal to the number of coils, etc. 

6. Invariant transformations, that interconnect coils, etc. 

(c) Depending on the type of equations that are to be transformed, 
the “ invariants "’ may be classitied as 

1. Arithmetic invariants. 

2. Algebraic invariants. 

3. Differential invariants. 

4. Integral invariants. 

In other words, the invariants may contain, respectively, arith- 
metic, algebraic, differential, or integral expressions. 

Tensor analysis is the study of ‘‘ invariants.’’ That is, it concerns 
those characteristics of a set of equations that remain invariant under 
a given group of transformations. 

Other methods besides tensor analysis set up “ invariants,’’ but tn 
physical problems, where each entity can be determined only by measure- 
ments made along some reference frame, the ability of tensor analysts to 
give these values along any desired frame 1s a powerful analytical ard. 

Of course it should be understood that there is no sharp demarcation 
between the arithmetic, algebraic, differential, and integral invariants, 
and that their study overlaps. 

(d) Considering the ‘ group of transformations " to be used, the more 
restricted the group is, the larger is the number of invariants of the 
set of equations. For instance, if the transformation tensor is 
restricted to contain only constants (as in networks), the number of 
invariants of the set of equations is much larger than if the transforma- 
tion tensor contains also functions of the variables. 

(e) The setting up of invariants ts chiefly a mathematical procedure. 
Once the invariants are set up, the next step is to interpret them 
geometrically or physically. The invariants always represent actually 
existing geometrical forms (lines, figures, etc.) or relations that are 
independent of the reference axes chosen. 

Similarly, when a set of equations is interpreted physically by the 
physicist or the engineer, the invariants represent only actually existing, 
measurable physical quantities or relations between them. These physical 
quantities and relations are common to an infinite variety of physical 
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systems (differing only by a transformation of variables) and are not 
attributes of just one particular system or one set of reference axes. 

To the engineer, who deals daily with the greatest variety of 
physically analogous problems, the knowledge of the invariants of the 
system must be of the utmost importance. Whenever an engineering 
problem (mechanical, thermal, electrical, etc.) is expressed in terms of 
an equation with several variables or in terms of a set of equations 
(arithmetic, algebraic, differential, or integral equations), the theory 
of invariants offers a powerful method of visualization, organization, and 
simplification. 


XI. THE DEFINITION OF A ‘‘ TENSOR” 


(a) It has been shown that the components of the transformation 
tensor Co. may be: 

1. Either all constants. 

2. Or functions of the variable x*. 

Also it was shown that in transforming from one reference frame 
to another each geometric object is multiplied by C{ or by its inverse 
Co, aS many times as it has indices. 

This last statement requires amplification. Jn the general case, 
when the transformation tensor C%. is a function of the variables x%, the 
transformation formulas of many geometric objects are more complicated 
than indicated in equation 7.17. They contain also additional terms. 

Such a geometric object is, for instance, Zag when the junctions of 
the coils are not fixed but move with a uniform velocity as in a rotating 
machine running at constant speed. The transformation formula of 
Zag becomes in that case (given here without proof) 


va 7B a aC§r ’ 
Zap? = SapCaCy + adapCa’ aa px 7.27 


That is, an additional term also occurs in the transformation formula 
of Za8- This additional term disappears, however, when the transfor- 
mation tensor is not a function of the variables x* (as in the networks 
of this volume) since dC4-, 0x7’ is zero. 

As another example, the transformation formula of the differential 
of i, namely of di*, is not dit = di#’/C%,. It can be derived as follows: 
Let 

i= Ci’ | 7 = Cot’ 7.28 


Taking the differential of both sides 
di = d(C -i’) t dit = d(Co1*’) 7.29 
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Since a product is differentiated by differentiating each component 
separately 
di = C-di' + dC: i’ [ die = Crdiw + dCtiw 7.30 


Hence an extra term, dC¢- 2%’, occurs in the transformation formula 
of d2°. 

(b) Now those geometric objects whose transformation formulas con- 
tain only as many C or C—' as they have indices, but no additional term, 
are called ‘‘ tensors.'’ Those geometric objects whose transformation 
formulas contain additional terms besides those shown in equation 7.17 
will retain the name “‘ non-tensor geometric object.” But the word 
‘“‘ tensor "’ 1s limtted to a definite class of geometric objects obeying the 
simple rules of transformation of equation 7.17. The additional terms 
occurring in the transformation formulas usually contain derivatives 
or differentials of C%.. 

Whether a geometric object is a tensor or not does not depend on 
its characteristics in one given problem. It depends on how it behaves 
when new reference frames are introduced, that is it depends on its 
characteristics in a large number of problems. 

(c) When the components of the transformation tensor Co: are con- 
stants (that is, when the transformation is linear but not functional), 
all geometric objects transform as tensors. In the network studies of this 
volume all geometric objects transform as tensors, since the components 
of all transformatian tensors are constant. That, however, is not the 
case in rotating electrical machine studies where the components of 
the transformation tensor are functions of the variable. 

(d) A ‘‘ tensor of valence one” 1s called a “‘ vector,” and a ‘ tensor 
of valence zero "’ 1s called a “‘ scalar.’’ Tensors of other valence have no 
specific names. 

(e) It is emphasized that in the definition of a tensor nothing is 
said about the nature of its components. The components of a tensor 
may be numbers, functions, operators, etc. The sole criterton of a 
tensor 1s tts linear transformaiton formula under a group of transforma- 
tions. Its tensor character does not depend on the nature of its com- 
ponents or on the physical or geometrical interpretation given to it. 


XII. THE IMPORTANCE OF TENSORS IN PHYSICAL PROBLEMS 


One of the purposes of tensor analysts 1s to formulate physical problems 
so that 1m thetr equations all geometric objects should be tensors. That 
is, in all possible reference frames that may occur in nature all geometric 
objects introduced should have the simple transformation formulas of 
equation 7.17. ; 
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The requirement that in all equations of a physical phenomenon 
every geometric object should be a tensor is due to the fact that only 
entities represented by tensors have actual physical existence in nature. 
Non-tensor geometric objects are introduced into the equations only 
by the peculiarities of the reference frames and can be made to dis- 
appear from the equations by a judicious selection of the reference 
frames as in the case of apparent forces like centrifugal force. The 
number of tensors necessary to describe natural phenomena is very limited, 
owing to the limited number of distinct entittes existing in nature. 

The importance of the method of tensor analysis in physical prob- 
lems is due to its ability to offer a definite criterion to decide whether 
a set of mathematical expression has any counterpart in the physical 
world or is just a figment of human imagination. That criterion is the 
“law of transformation " of the set of quantities. 

In addition to the luw of transformation of a set of quantities repre- 
senting a physical entity it is also important to establish the group of 
transformations Ce under which the law of transformation is valid. 
Physical entities associated with networks are defined by a different C2. 
than those associated with fields. The physical entities of quantum 
dynamics are defined again by a different group of transformations 
than those of classical dynamics. Physical entities may have an 
existence under one group of Cg, and may be non-existent under 
another group of C¢@. 


XII. THE NEED FOR A ‘‘ THIRD GENERALIZATION POSTULATE ” 


The introduction of ‘‘ n-way matrices ’’ permits the setting up of the 
“ first generalization postulate ” establishing the same form of equation 
for 2 degrees of freedom that exists for one (or a minimum number of) 
degrees of freedom. 

The introduction of ‘' geometric objects '’ permits the setting up of 
the ‘‘ second generalization postulate ”’ establishing the same form of 
equation for an infinite number of analogous systems, each system 
having degrees of freedom. 

However, in physical problems numerous types of reference frames 
occur (each containing an infinite variety of axes) that radically differ 
from one another, and the physical phenomena are-described by 
different equations when viewed from different types of frames. For 
instance, electrodynamic systems have different equations and offer dif- 
ferent physical pictures depending whether: (1) the conducting material 
moves (2) the magnetic material moves; (3) the dielectric moves; 
(4) the electric charges move; (5) the magnetic charges move; (6) the 
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observers move; and soon. The concept of ‘‘ geometric object "’ is 
insufficient to unify the equations of these apparently different types 
of systems. In their equation of performance occur derivatives and 
differentials such as dz* that do not transform as tensors (as shown 
in equation 7.30) since they depend on the type of motion of the 
component parts of the system. 

In order to unify the equations of performance of electrodynamical 
systems irrespective of the relative motion of the material or electrical 
parts, all derivatives and differentials (not being tensors) have to be 
replaced by ‘‘ tensors’ so that every symbol, every geometric object, in the 
equations becomes a tensor. This replacement is accomplished by the 
“third generalization postulate,’’ which, however, is not studied in 
this volume. ° 


XIV. THE THREE STAGES OF ORGANIZATION 


(a) In order to visualize better this growth of simple concepts 
through successive stages of organization, namely, from ordinary 
numbers through the stages of (1) m-way matrices, (2) geometric 
objects, (3) tensors, consider a single stationary co1l with self-inductance 
L whose equation of performance is e = z7 or 


= J, — 7.31 


containing four concepts e, t, L, and an operator d/dt. 

(6) The first stage of organization is introduced by considering 
instead of a single coil a set of m interconnected stationary cotls with 
self- and mutual inductances Lia(m. The equation of performance of 
the set is 

dtp 


Ca) = Lian Te 7.32 


containing still four concepts ea), ta), Lca(, and d/dt, all of them 
being m-dimensional matrices. The first generalization postulate covers 
this first stage of organization. 

(c) The second stage of organization is introduced by considering 
all the possible sets of n stationary coils where the sets differ in manner 
of interconnections, etc. Their equation of performance is 


B 
Ca = Lop = 7.33 


containing four concepts éq, 7%, Lag, and d/dt. Although the first three 
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concepts are tensors, the combination dz*/dt is not a tensor. The 
second generalization postulate covers this second stage of organization 
by introducing the concept of transformation tensor C%. and the invari- 
ance of a form. 

(d) The third stage of organization is introduced by considering 
all the possible motions of all the possible sets of n coils (as occurs, say, 
in the various types of rotating electrical machines used in industry). 
Their equation of performance is 

58 
Ca = Lag 7 7.34 


containing four concepts éa, 7%, Las, and 6,/dt, each of these concepts 
being a tensor. (8° is an ‘‘ absolute ” differential representing certain 
combinations of di’ and other geometric objects defined by certain 
routine rules of tensor analysis.) 

The development of this third stage of organization is more 
involved than that of the first two, and its study forms the central 
part of tensor analysis. Of course the simple engineering structures 
introduced in this volume are to be augmented by more complex 
structures for the more advanced study. That is, the zero-dimensional 
structures (junctions) and one-dimensional structures (coils) are to be 
interconnected with two-dimensional structures, such as the layers of 
windings of electrical machinery, before motions of the junctions may 
be considered. 


XV. IMPORTANT GEOMETRIC OBJECTS OF PHYSICS AND GEOMETRY 


(a) The geometric objects arising in the study of networks, namely 
€a, 1%, fap, lap, Zag, etc., are Special cases of certain basic geometric 
objects that play a fundamental role in the analysis of general dynami- 
cal systems and in geometrical studies. These more general geometric 
objects will be introduced in a subsequent volume. For a bird’s-eye 
view the following geometric objects may be mentioned that occur in 
general dynamical and geometrical studies: 

(b) In physical problems the most important scalar (tensor of 
valence zero) is ‘“ time,"” denoted by ¢#. In geometrical problems its 
place is taken by ‘‘ displacement,” denoted as s. 

Other important scalars are the “ kinetic energy '’ T, the ‘ poten- 
tial energy "’ V, the ‘‘ power input "’ P, etc. In geometry their place 
is taken by an infinitesimal length ds, etc. 

(c) In any general problem the contravartant variables x, y, 2 -+° 
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are denoted by x!, x?, x3 --- or by x*, x, x° ---, and are represented 
as the components of the vector 


a 
a b Cc d a b Cc d 


The variables may be known or unknown or partly known and partly 
unknown, etc. 

In mechanical problems the contravariant variables x* represent 
instantaneous ‘‘ displacements ’’; in electrical problems they repre- 
sent the ‘‘ electric charges "’ that have passed through the windings. 
In geometrical problems x* represents any one point of an 
n-dimensional space. 

From the variables x* additional vectors may be derived by suc- 
cessive differentiations. The first of these is the ‘‘ differential "’ of the 
variables (an additional set of variables) 


a 
a bc 4d Xe ab c d 
dx = | dx*| dx?| dx? | dx! dxt = | dx dx?) dx* dx#} 7.36 


representing an infinitesimal change of the displacement, or of the 
charges, etc. In geometry dx* represents an infinitesimal vector 
drawn at point x*. 

If the vector dx* is divided by the infinitesimal scalar dt, the 
** velocity '’ vector is 


ab ec 4 


representing ‘‘ velocity ” or ‘“‘current.’’ In geometry dx%/ds repre- 
sents a unit tangent vector drawn to a line passing through the point x“. 

If the velocity vector dx*/dt is differentiated again with respect to 
time, the acceleration is represented as 


dx 
dt 


dx* | dx? | dx® 
di | dt | di 


a 
e b . d ~ a b Cc d 
d’x* dy dix" dix | dix4 
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Another important covariant vector, whose components are 
usually known, is the ‘‘ force ’’ vector 


NX ab ec  d 
fa = fa fo fe fa 7.39 


representing the applied forces or impressed voltages. 
(dq) Among the geometric objects of valence two the most important 
is the so-called ‘‘ metric tensor” or ‘“‘ fundamental tensor ”’ 


aX a bh Cc d 


laa | Qab | Ga 


Qab | 2bb | Ak lod 


Qar ad Ye d, Cc: (2, al 


1 
Gad | Uba | Ged | dad 
i] 


é i] 


representing the various ‘‘ moments of inertia ’’ and “ products of 
inertia ’’ along the reference axes, or the self- and mutual inductances 
of the various windings. Jn geometrical problems tt plays a part in 
defining the concept of ‘‘ magnitude” of a vector. In most problems it 
is a function of x*. This tensor will be studied in detail in Chapter 
XVIII. 

Another important tensor of valence two is the “ resistance tensor ” 
Yas representing the frictional forces. In geometrical problems it 
plays a part in defining the concept of “ dzrection "’ of a vector. 

(ec) Among the geometric objects of valence three the most tmpor- 
tant is the so-called ‘‘ affine connection "' Ty. In mechanical prublems 
it appears in the calculation of the centrifugal and other types of 
apparent forces, in electrical problems in the calculation of the gen- 
erated voltages due to rotation and also of the torques. In geometrical 
problems it occurs whenever curvilinear reference axes are used and 
it plays a central part in defining the concept of ‘‘ direction" of a vector. 
Itis not atensor. In most problems it is a function of aos, but in the 
general case it is not. 

(f) Among the geometric objects of valence four the most impor- 
tant is the so-called ‘‘ Riemann-Christoffel curvature tensor’ Kapys. 
In dynamical problems it appears in the equations when small oscilla- 
tions occur. It is always a function of Tg. 

(g) Around the above-mentioned geometric objects there has been 
built up a large number of other geometric objects of various valences. 
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The most important among these is a tensor of valence two, the so- 
called ‘‘ transformation tensor "’ CS:, whose study is the central feature 
of the present volume. 


XVI. NON-INVARIANT TRANSFORMATIONS 


(a) In analyzing engineering problems it is quite often necessary 
to introduce transformation matrices C to accomplish certain changes. 
However, these transformation matrices do not usually form a group, 
or they do not leave a ‘‘form”’ invariant, so that the concepts of 
covariance and contravariance cannot be introduced. Such trans- 
formations will be called ‘‘ non-invartant transformations.” 

An n-matrix ltke ea) OF 4a) OF 2a)(p) 15 transformed in a different 
manner with different types of transformation matrices, and their trans- 
formation formula has to be derived all over again each time a trans- 
formation matrix is introduced. 

Such transformations occur usually in the manipulation of a set 
of equations to bring them to more suitable forms. For instance, a 
general impedance matrix 2a) is to be brought to a diagonal form 
in which all components are zero except the diagonal ones. Or an 
asymmetrical 2a) is to be brought to a symmetrical form in order 
to set up an equivalent circuit for it. 

Examples of non-invariant transformations might be continued 
indefinitely. 

(b) Let a set of linear equations 


e=2Z°1 | Ca) = 2(a)(B)1(p) 7.41 


be considered. They may represent, say, the equations of voltage of 
some particular mesh network. Three examples of non-invartant trans- 


formations will be worked out. 
1. Let the voltage e and the current i be transformed by two different 


transformation matrices A and B, that is, let 
e=A-e’ Ca) = A (a)(a’)€¢a’) 7.42 


i= B-i’ tay = Boayayha’) 7.43 


The question is, what is the transformation formula of 2a), if it is 
desired to keep the new set of equations in the form e’ = 2’ ° i’? 
Substituting equations 7.42 and 7.43 into equation 7.41 


A-e’=2°B:>i’ | Acaraniary * San Bipyentisy 
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Multiplying both sides by A7! 


/ —1 e e e a/ = a , 
e =A z°B:i | Ca’) = Am ayaa) Bipypntipy 
Since 
4 i wl S 8h _ , 
e =7Z°?1 | Cca’) = 2(a')(B)1(B") 


the transformation formula of the impedance matrix Z is 


| - | 1 
z’ sx A~lezeB | Z(a’)(p’) = 2(a)(B)A (¢) (a) BiB) (8) 7,44 


In many problems A or B is the unit matrix. 
It should be expressly noted that the power input e-i is not an 
invartant under this transformation since 


e-i = (A-e’)-(B-i’) = A> (e’-i’) > B, 
hence 
e-i ~ e’ +i’ 
2. Let both e and i be transformed by the same transformation matrix 
A. That is, let B = A. Then the transformation formula of the 
impedance matrix is 


7 Soa | 
ime | 2(a")(p’) = 2(a)(B)A (a) (x’) B88") 7.45 


This transformation formula occurs quite often in matrix algebra 
when a 2-matrix is to be brought to a diagonal form. 

3. It is possible that, when e is transformed by A and i by B, 
the impedance matrix Z is transformed quite independently from e and 1 
by two other transformation matrices C and D as 


Z¢a')(B’) = 2(a)(8)C¢ay(a’) (8) (8) 7.46 


In such cases the physical set-up of the system usually changes, 
say from three-phase to single-phase, etc. 


z’ = C*z"D 


CHAPTER VIII 


GEOMETRICAL INTERPRETATIONS 


I. GEOMETRIC LANGUAGE 


(2) Most sciences deal with phenomena that can be described in 
terms of a set of equations. It has long been noticed that when seem- 
ingly unrelated phenomena are described in terms of basic concepts 
the equations often have identical forms. For instance, many equa- 
tions of hydrodynamics, elasticity, electrodynamics, and differential 
geometry have the same form, even though the various quantities 
represent different concepts in the different sciences. 

During the last century the tendency has arisen to introduce a 
universal language, in which the analogous equations of various origins 
are interpreted and visualized on a common basis. TJ hat universal 
language 1s geometry. ‘That is, instead of saying that a set of equations 
describes the performance of an electrical machine, or of a gyroscope, 
or of moving electron, it is said in the language of geometry that the 
set of equations describes a certain geometric curve in an n-dimensional 
space, or the motion of a particle along that curve. The properties of 
the various types of curves, surfaces, and spaces always correspond to 
some property of the particular physical system under investigation. For 
instance, a singularity on a surface corresponds to the presence of an 
electric charge; the curvature of space at a point is an indication of 
the dynamic stability or instability of an oscillating dynamical system. 

Hence, if the equations of the various sciences are expressed in 
geometric language, all their results can be pooled into one fund and 
applied to other sciences, without developing the same theory all over 
again in a different language. 

(b) Generally speaking, the situation in engineering is much less 
favorable for a unified point of view than in the basic sciences. Because 
of the pressure of competition and other special conditions, engineers 
had to develop an additional structure of elaborate reasonings to get a 
solution to their special problems. After the isolated growth of a 
few decades this additional engineering knowledge becomes so removed 
from its parents, the basic sciences, that the new store of knowledge 
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becomes a closed book to everybody but specialists who devote a 
lifetime study to it and who thereby lose contact with the basic sciences. 
The theory of networks and of rotating electrical machinery is a 
classical example of such an tsolated growth of engineering knowledge, 
with all its attendant inconveniences, like having a different theory for 
each machine. 

It 1s the purpose of this volume to reformulate the present knowl- 
edge of electrical networks in terms of basic invariant concepts used in 
modern electrodynamics and geometry, in order to simplify their 
understanding and to open up new channels of investigation for their 
analysis and synthesis, following as closely as possible the well-traveled 
channels of the basic sciences. 

It will always be found that the geometrical formulation of engineer- 
ing problems is far simpler, shorter, and more elegant than the manner 
in which electrical engineers are accustomed to express them; and that 
the geometrical formulation gives a better and clearer visualization. 
Also, it will be found that the most up-to-date mathematical tools like 
tensor analysis are simpler to understand. handier to use in complicated 
problems, and quicker to give a numerical answer than the so-called 
elementary engineering tools developed haphazardly under the stress 
of accidental need. 

(c) In this chapter some of the physical concepts and analytical 
processes introduced previously will be illustrated in a geometrical 
language. The content of this chapter 1s not needed to understand 
the chapters to follow. However, anyone desiring to read other text- 
books on tensor analysis must be familiar with the content of this 
chapter since practically all books on tensor analysis use the 
geometrical language. 

Some parts of this chapter represent statements whose proots are 
found in textbooks on tensor analysis. No attempt is made here to 
give precise definitions. 


Il. THE GEOMETRIZATION OF PHYSICAL PROBLEMS 


(a) The transition from a physical problem to a geometrical problem 
is made by the following assumption: 

‘A set of 2 equations with n variables (with time as parameter) 
may represent either the performance of a dynamical system with n 
degrees of freedom or the motion of a point along a curve located in an 
n-dimensional hypothetical space and expressed along some oncnas 
reference frame.” 
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(6) For instance, let two coils be given, in which the equations of 
the currents é4 = Zag? are 


di! di? 

= +2 se ae 

é, = Ry? + Li 7 + Mie qi 
: 8.1 

di di 

aes 2 ll il 

€2 = Root? + Lae 7 + Mie dt 


Let the values of these currents in the two coils at a certain instant be 
4} = 1.5 amp. and 7? = 1.765amp. An instant later let these currents 
be 4! = 0.87, 27 = 1.49. Still later 2! = 0.763, 22 = 1.175, and again 
a4! = 1.105 and 2? = 0.235, and so on. 

To represent the variation of currents as a problem in geometry, 
let it be assumed first that the hypothetical space to be introduced is 
the familiar “‘ linear ’’ space in which the reference axes are straight 
lines and are assumed to lie at any arbitrary angle from one another. 
If it is found that the 
characteristics of this 
space are insufficient to 
explain the steps made 
in the study of net- 
works, let this space be 
modified or superseded 
by another hypotheti- 
cal space that more cor- 
rectly corresponds to 
the actual steps. 

Hence as a_ (first 
approximation let two 
intersecting lines, called 
the ‘reference axes"’ or 
‘reference frame,” be 
assumed at any ardt- 
Fic. 8.1.—Representation of a Contravariant Vector ‘rary angle from each 

s* in a Rectilinear Reference Frame other as shown in Fig. 

8.1, and along them let 

two arbitrary distances OA and OB be assumed, whose lengths will be 
denoted as ‘‘ unity,” representing 1 amp. Let the values of the cur- 
rent in coil 1 be plotted along line 1 in terms of OA as unity and the 
values of the current in coil 2 along line 2 in terms of OB as unity. 
Connect the two points that measure the current at each instant by 
drawing a parallelogram such as OMKN, where the projections of point 
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K represent the two currents 2! = OM = 1.5 and 7? = ON = 1.765 
at a certain instant. As time goes on, point K describes the curve 
K K, Ke Ks Ka ---, called a “ trajectory."" The components of point K 
along the reference axes give the instantaneous value of the currents flowing 
in the two coils. The history of the currents in the two coils are incor- 
porated in the trajectory described by point K. 

The plane on which point K is assumed to move is called a ‘‘ linear "’ 
space or “‘ affine’ space. 

(c) When three coils exist, then three intersecting lines may be 
assumed as a reference frame located in space instead of in a plane and 
the motion of point K in a three-dimensional affine space would 
correspond to the history of the performance of the three coils. 

When more than three coils exist then it is still customary to say 
as a figure of speech that a point K moves in an n-dimensional affine 
space and that the components of that point along m intersection lines 
represent at each instant the instantaneous values of the currents flow- 
ing in the 2 coils. However, no attempt whatever should be made to 
visualize an n-dimensional space. 


Ill. THE REPRESENTATION OF A CONTRAVARIANT VECTOR 


(a) It is customary to call the line connecting the moving point K 
with the origin O a “ contravariant vector "’ and to say that in the 7 coils 
only one current flows, represented by the vector OK, called the “ cur- 
rent vector,’ and that the components of this vector along the axes repre- 
sent the individual currents flowing tn the cotls. 

(b) The question now arises, if the components of the vector OK 
represent the actually existing currents flowing in the coils, what does 
the vector OK itself correspond to in the physical system? 

The answer is that the vector OK itself does not correspond to an\ thing 
in particular in the physical system. The vector itself 1s a concept 
invented in order that something should exist that has components. That 
is, the ‘‘ vector ”’ is a fiction; its ‘‘ components,’’ however, are measur- 
able physical quantities. 

It is at this very point where the vectors used in these pages differ from 
the usual vectors of the engineer. The vectors of the engineer, such as 
the ‘‘ velocity " of a body, have a physical existence and their ‘‘ com- 
ponents " are fictions, whereas the vectors used in these pages are 
fictions (as yet) and their components have a physical existence. 

Expressing it differently, the vectors that describe phenomena taking 
place in the actual three-dimensional space of our senses are different 
from those vectors that are invented to describe phenomena in which the 


actual physical space 1s an extraneous feature. 
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(c) Since the actual vector OK itself does not correspond to anything 
in particular in the physical system, it makes no sense to talk about the 
‘ magnitude "’ or ‘‘ direction” of the current vector OK, whose ‘* com- 
ponents ’’ do represent the currents in the coil, but whose ‘ magni- 
tude " and ‘‘ direction ” are not yet even defined geometrically. 

In Chapter XVIII it will be shown that it is possible to assign to 
the vector OK arbitrarily a physical interpretation and thereby to 
assign to it arbitrarily certain numbers that are called ‘‘ magnitude "’ 
and ‘‘ direction’ of the vector OK. However, these concepts have 
little to do with ‘‘ magnitude ’’ and “direction ”’ as is ordinarily 
understood. They reduce to the usual meaning only in the special 
case when the intersecting lines of the reference frame are at right 
angles and the unit vectors are of equal length. In stationary net- 
works this special case occurs only in the trivial case when the coils 
(1) are equal, (2) have unit self-inductance, (3) have no mutual induc- 
tance between them. Only then can it be said that the point K moves 
in an m-dimensional ordinary (Euclidean) space and that it has a 
‘“ magnitude "’ Vis? + in? + ig? + +> representing the square root of 
the double ‘‘ stored magnetic energy "’ in the system. 

Hence tt ts emphasized that in general a vector has netther ‘‘ magnt- 
tude"’ nor ‘‘ directton.’’ It has only“ components,” that ts, an existence. 
Tt 1s defined as a set of quantities whose transformation formula contains 
C*. or its inverse C2. 


Iv. THE INSUFFICIENCY OF ORDINARY SPACES 


(a) The question may arise: Why select as a reference frame two 
intersecting lines at amy angle, and why select as a unit ampere in each 
coil two distances of unequal length? It looks more logical to select 
two (or more) intersecting lines at right angles as shown in Fig. 8.2 and 
two (or more) equal vectors 4s unit vectors. In that case it is easier 
to picture and interpret the motion of a point since the space is an 
ordinary Euclidean space. 

The reasons for introducing a rectilinear (and not a rectangular) 
reference frame and unequal unit vectors are two: 

1. The first reason that ordinary space is insufficient to represent 
electromagnetic phenomena is that the representation must be valid under 
all assumed reference frames. Now if the current vector OK is repre- 
sented only along rectangular frames with equal unit vectors, then the 
only transformations allowable are rotations (and translations) such 
that the determinant of the transformation tensor C would always be 
unity. The transformation tensors used in network studies, however, 


oe 


- angles and magnitude being a 
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are far more complex than that, and the reference frames and unit 
vectors must be allowed to have more variety. 

2. The second reason is that in addition to the currents and 
voltages it is intended later on to find a geometrical representation of 
other electromagnetic quantities. For instance, when it is intended to 
interpret the magnitude of the current vector OK as being proportional 
at each instant to the instantaneous stored magnetic energy lagi, 
then it is found that the various 
axes must be at different angles 
and the unit vectors must be 
unequal, the inequality of 


function of the self- and mutual 
inductances. As another ex- 
ample, when it is intended to 
represent geometrically the 
electric charges, existing in a 
rotating machine, then the re- 
ference axes cannot be assumed 
to be located in a flat space 
like a plane; they must be 
located in an _ n-dimensional 
curved space like a spherical Fic. 8.2.—Rectangular Reference Frame 
surface, the reference axes 
themselves being curved lines. As more and more electromagnetic 
quantities are to be represented geometrically, the spaces and geometric 
configuration lying in them are correspondingly more complicated. 

(6) Now if it is not intended to introduce a group of new reference 
frames to represent new systems or new points of view and if it is not 
intended to introduce later on the geometrical representation of other 
quantities besides the assumed variables, then in any physical problem, 
no matter how complicated it 1s, the rectangular representation of the 
reference frame and the selection of equal unit vectors 1s perfectly correct. 
Such a representation is for instance the pressure — volume — tem- 
perature (p — v — T) surface showing: graphically the equations of 
state of thermodynamical systems. In such diagrams, however, the 
concepts of ‘‘ distance between two points,” or ‘‘ angle between two 
lines ’”’ and so on have no equivalent in the physical system. 

The geometrical representation of any physical problem ts satisfactory 
only if: 

1. It ts valid for all possible reference frames that are to be introduced. 

2. It represents geometrically as many physical quantities occurring 
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in the problem as possible, showtng correctly their interrelations at all 
instants. 

(c) The great variety of complicated reference frames and of non- 
Euclidean curved spaces have been introduced in modern physical 
studies in order to satisfy these two requirements of geometrical repre- 
sentation of physical phenomena. Especially electrodynamical phe- 
nomena which the electrical engineers deal with every day require 
quite complex types of space for their representation, and much of 
modern tensor analysis and differential geometry owe thetr development 
to attempts to represent electrodynamical phenomena geometrically. This 
representation is quite necessary in order to clarify the physical 
phenomenon and to suggest openings to attack still unsolved problems. 

It is emphasized that it is not necessary to have an exact quantittative 
correspondence between the physical problem and its geometrical rep- 
resentation. It is sufficient to have a qualitative correspondence to 
offer a rough but still workable visualization. 

(d) As the complexity of the electromagnetic phenomena and 
the generality of the reference frames to be employed increase, the 
complexity both of the geometrical configurations to be introduced 
and of the spaces in which these configurations are located increases 
proportionally. As traveling electromagnetic waves, moving conduc- 
tors, accelerating magnetic fields appear, the geometrical representa- 
tion of their performance becomes increasingly complex. 

In fact, even the representation of Fig. 8.1 is insufficient to repre- 
sent geometrically the performance of the system of coils under all 
conditions. For instance, when the currents in each coil are repre- 
sented by a complex number, instead of a real number, then the values 
of the current cannot be measured off along axes 1 and 2 in terms of the 
unit vectors. In such cases the reference axes are to be pictured as 
being located, not in an ordinary space, but in a new type of space, 
called a ‘‘ unitary '’ space, which can only be represented mathemati- 
cally. Hence all diagrams, all geometrical expressions such as “ refer- 
ence axis,’’ ‘‘ unit vector,’’ “ space,’’ ‘‘ plane,” and ‘‘ intersection,”’ 
should be used by the engineer only as an aid to visualize the mathe- 
matical steps, to keep their peculiarities in mind more easily. The 
geometrical language should be used only as a figure of speech and not 
as an exact reproduction of the equation of performance. 

(e) It must be emphasized that an n-matrix cannot be represented 
geometrically. In order that a geometrical entity like a line, or a plane 
or an ellipsoid should be represented mathematically by an -matrix 
as viewed from some reference frame, it is necessary that the same 
geometrical entity should be represented by another n-matrix when 


g 
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viewed from a different reference frame. In other words, a geomeiri- 
cal entity 1s to be represented by a sertes of n-matrices, not by a single 
n-matrix, each n-matrix representing the components of the geometrical 
entity along a particular reference frame. 

Such a series of m-matrices is what is called here a “ geometric 
object,’’ namely an n-matrix with a permanent formula of transforma- 
tion that allows the geometric object to assume a series of values, each 
separate value being representable by an n-matrix. That is, just as 
with a geometrical entity, so with a ‘‘ geometric object,” a large, usually 
and infinite, number of n-matrices are assoctated, one for each reference 
frame. 

Hence a geometrical entity (line, plane, etc.) is represented by a 
‘ geometric object ’’ and not merely by an m-matrix. 


V. REPRESENTATION OF A COVARIANT VECTOR 


It was shown in the previous sections that there are two types of 
vectors, contravariant and covariant vectors, each having a different 
transformation formula when the reference frame is changed. Because 
of this difference in the transformation formula it is found that a 
covariant vector cannot ke represented geo- 
metrically by a point in space as a con- 
travariant vector can. 

Again let a reference frame be assumed 
with its two unit vectors, as shown in Fig. 
8.3, and let the instantaneous voltages im- 
pressed on the two coils be 0.8 and 0.25 volt. 
That is, let 


~ 
1 2 
Fic. 8.3.—Representation 
— 8.2 ofa Covariant Vector ég 
To represent these components measure along axis 1 the reciprocal 
of 0.8, namely 1.25 units to V, and along axis 2 the reciprocal of 0.25, 
namely 4 units to W. The line passing through points V and W repre- 

sents the covartant vector eq. 

In general in an n-dimensional space a “* covariant vector "’ éa, having 
n rather than two components, 1s represented by an n — 1 dimensional 
plane. The ‘‘ components" of the vector éa are the reciprocal of the 
intercepts cut off by the plane from the reference axes. As the impressed 


voltages vary from instant to instant, the intercepts vary and the 
plane moves from one part of the space to another part. 


204 GEOMETRICAL INTERPRETATIONS 


If ¢* is assumed as a variable then the equation of the plane (repre- 
senting é.) is 
Cqt* = 1 8.3 
or 
0.8272 + 0.257 = 1 


For instance, if 2? = 0, then 2? = 1/0.8 = 1.25 = OV. 


VI. TRANSFORMATION OF THE REFERENCE FRAMES 


Let it be assumed that instead of lines 1 and 2 another set of lines 
is assumed as reference axes, 1’ and 2’ (Fig. 8.4). Along these new 


Fic. 8.4.—The Transformation of Reference Frame 


axes let two arbitary vectors OA’ and OB’ be measured off again and 
called “‘unity.”” (The fixed indices 1, 2 or a, b appearing along the 
n-mairices may be assumed to represent these unit vectors.) 

Along these new axes the components of the contravariant vector 
4* ==: OK are OM’ = 0.635 and ON’ = 3.46, both measured in terms 
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of the assigned unit vectors OA’ and OB’ respectively. That is, the 
components of 1% along the old and along the new reference axes are 


a a! 
1 2 1’ 2! 
7 =!1 1.76 | 4.78 it” =| 0.635 | 3.46 8.4 


In order to find the transformation tensor C = C®’ a relation has to 
be set up between the old components OM, ON and the new components 
OM’, ON’ of i* asi=C-i’. That is, both OM and ON should be 
expressed separately in terms of OM’ and ON’. 

Drawing parallels from points M’ and N’ to the old axes, both OM 
and ON can be expressed by the projections of OM’ and ON’ upon the 
old axes as 

OM = OM, + ON, = 0.494 + 1.266 = 1.76 


ON =— OM2 + ON2 =— 0.77 + 5.55 = 4.78 


Expressing the projections in terms of OM’ and ON’ (where 
OM’ = 0.635 and ON’ = 3.46) 


OM = 0.777 OM’ + 0.366 ON’ 


8.6 
ON =— 1.21 OM’ + 1.6 ON’ 
or in terms of currents 
a= 0.7771" + 0.36622’ 
42 = — 1.214)’ + 1.672’ Cal 8.7 


the transformation tensor being the coefficients of the new current 
components. : 

’ “Once the transformation tensor C is established, the components 
of any other vector or tensor along the new axes may be found by its 
transformation formula. The components of the covariant vector éa 
along the new axes aree’ = C,*eoréag = Corea 


a’ 
~~ 1’ 2! 


= 0.32 | 0.692 8.8 


0.777 | —1.21 0.8 
1.6 0.25 


The intercepts OV' and OW’ cut off by the plane e, from the new 
axes as measured in Fig. 8.4 are 3.12 and 1.44. The inverse of the 
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intercepts (representing the components of éa’) is 0.32 and 0.692, 
which checks the values of ea: found by the transformation formula. 

It cannot be sufficiently emphasized that the sole criterion that a set 
of quantities (such as the various currents flowing in, or voltages 
impressed on, a set of coils) is arranged in a row and the quantities 
are called ‘‘ components of a vector’’ (and are represented by a point or 
by an 2 — 1 dimensional plane) ts that in going over to a new reference 
frame these quantities are transformed by multiplication with C or its 
anverse C-! only once. There is no other criterion for calling a set of 
quantities the ‘‘ components of a vector.’’ These vectors have no other 
attributes; they have neither “ magnitude," nor ‘‘directton,’’ nor ‘‘orten- 
tation.” 

Because of the fact that their transformation formula contains 
C or C—! once, these components are arranged in a vow, and their base 
letter has one index. If a set of numbers needs C or C—! twice, then 
and only then are these numbers arranged in a square and their base 
letter has two indices. Jt 1s quite possible that the same set of numbers 
may be arranged in one problem in a row, and in another problem in a 
square. In fact, even in the same problem it may happen that from 
one type of reference frame a set of numbers fs considered as a vector, 
arranged in a row, but from a different type of reference frame this same 
set of numbers is considered arranged in a square. The sole criterion 
of the method of arrangement of a set of quantities 1s their “* equation of 
transformation.” 


VII. TRANSFORMATION OF THE POINTS OF A SPACE 


(a) Instead of considering geometrically the equation of transfor- 
mation 7% = C21’ or x* = f(x’) as transforming the reference frames, 
another point of view is to assume that the reference frame remutins 
unchanged and in its place the point 1* 1s moved to another point by the 
equation of transformation 1% = C2i*’, 

Considering, for instance, the example of Section VI, let 2* before 
the transformation be represented on Fig. 8.5 by point K with com- 
ponents OM = 1.76 and ON = 4.78. If after the transformation its 
components become OM’ = 0.635 and ON’ = 3.46, these numbers 
may be measured off along the same axes existing before the transfor- 
mation giving another point K’. The vector OK’ may now be assumed 
to represent 2°’. 

In other words, the effect of the transformation 1* = CG ts to move 
point K to point K’. Assuming different components for 7%, all the 
points of space may be shifted to new positions 
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Hence, there are two points of view regarding the geometrical rep- 
resentation of the transformation 44 = C%1@’: 

1. Either it transforms the reference frames and leaves the points 
of space unchanged. 

2. Or it transforms the point of the space and leaves the reference 
frame unchanged. 

The two points of view are equivalent. 

(6) Just how much change is made on the points of the given space 
by the transformation 77 = C$’ or x* = f(x’) depends on the form 
of C&.. Each type of geometry has its own group 
of C%. In general, it may be stated that: 

1. In Euchdean geometry only such C% 
are allowed as may translate or rotate the 
points of space without changing the shape 
of figures in any manner. 

2. In differential geometry only such C% 
are allowed as may bend the space out of 
shape without, however, stretching or tear- 
ing it. 

3. In topology only such CQ are allowed  fy¢. 8.5 —The Transforma- 
as may Stretch and bend the space-structure tion of Point 1% 
without tearing it. 

4. However, it appears that the transformations C%, occurring in 
electrical engineering problems are more general than any used in these 
geometries, since they may tear the representative space-structure apart, 
transforming it to another type of space-structure. 

(c) Even though the spaces are moved, bent, stretched, or torn, 
certain properties associated with them remain “ invariant ’"’ in spite 
of the changes made. For instance, while a surface is bent, the angle 
between the intersection of two lines drawn upon the surface is an 
invariant, and while a surface is stretched the property of two lines 
intersecting each other is an invariant property. Tensor analysis is a 
tool for discovering such invariants. 


VI. THE REPRESENTATION OF POWER 


When a contravariant vector ¢* and a covariant vector éq are given, 
as in equations 8.2 and 8.4, their product, a linear form, 


€qt® = (0.8)(1.76) + (0.25)(4.78) = 2.61 8.9 


is a scalar, a tensor of valence zero, representing the instantaneous 
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power input into all the coils. This scalar number is represented in 
Fig. 8.4 by the ratzo of two lengths 


P = egt* = OK/OP = 2.61 8.10 


the lengths being measured in any unit, since they both lie along the 
same dtrecitton. The line OP is the line cut off by the plane e, from the 
vector 2%. 

That is the product of a covariant vector €4 and a contravariant vector 
t* 1s a scalar, represented by the ratio of: (1) the length of 1*; (2) the 
portion of 1* cut off by the plane ea. 

Both lengths are measured in any untt. 

When a new reference frame is introduced this ratio remains 
unchanged. (If the first point of view of C is assumed, this is obvious.) 
That is, the linear form é,1% 1s an invariant under the transformation of 
the reference frames. 


IX. SPACES AND SUPERIMPOSED CONFIGURATIONS 


(a) When a set of 2 coils is given and furthermore currents flow in 
the coils, the performance of the system may be represented by the 
motion of a point (and other geometrical configurations) in an 2-dimen- 
sional space. (The geometrical picture presented is still a first approxi- 
mation to the correct picture to be presented later on.) 

The geometrical representation of the physical phenomena taking place 
an the cotls can be grouped under two main headings: 

1. When n tndividual cotls interconnected in any arbitrary manner 
are given forming k meshes and m — k junction-pairs but having no 
voltages or currents 1mpressed upon them, geometrically the situation is 
represented by stating that an n-dimensional space 1s given. 

With the space certain properties, called its ‘ structure,’’ are asso- 
ciated that are defined with the aid of the design constants fag, lag, 
C28, etc., of the coils. The relation between the design constants 
and the corresponding “ structure "’ of the m-dimensional space is con- 
sidered in Chapter XVIII. 

2. When instantaneous voltages and currents exist tn the cotls, that 
is when the coils are excited, geometrically the situation is represented 
by assuming geometrical configurations, such as a point or an n — 1 
dimensional plane, etc., superimposed upon the given space. As time 
goes on, the values of the electrical quantities in the coils vary and the 
configurations on the space move, describing certain curves called 
«6 paths.” 

(6) The sharp distinction between an unexcited set of coils and 


ORTHOGONAL SUBSPACES 209 


an excited set containing electrical quantities on one hand, and 
between an empty space and a space containing geometrical configura- 
tions on the other, must be emphasized. In the usual electrical engi- 
neering problems there is no difficulty in distinguishing between the 
design or test constants of the material configurations and the electrical 
quantities appearing on them. However, as the electrical phenomena 
become more elusive, as happens in electronics for example, difficulties 
arise and, culminating in the theory of relativity the distinction 
between the material quantities and the superimposed electrical quan- 
tities themselves entirely disappears and all electrical phenomena are 
represented not as quantities superimposed upon our space, but as the 
““ design constants," the ‘‘ structure’ of space itself. If the electrical 
quantities (charges, field intensities, flux densities, etc.) are removed, 
space itself disappears. 


X. ORTHOGONAL SUBSPACES 


A plane lying in actual space is called a two-dimensional “ sub- 
space ’’ of the three-dimensional space. If aset of three axes is assumed 
in space (Fig. 8.6), two of them lying in the plane and the third perpen- 
dicular to it, then any point moving in the plane has no component 
along the third reference axis. 

1. If a network of n coils 1s considered as a ‘‘ mesh" network with only 
k meshes (and thereby with k vartable currents), then the point is restricted 
to move only 1n a k-dimensional subspace of 
the n-dimensional space of the network. The 
components of the moving point along the 
k reference axes lying in the subspace re- 
present the k mesh currents. The com- 
ponents of the moving point along the 
remaining  — k reference axes are zero, 
corresponding to the currents flowing into 
the leads at the junctions of the mesh net- 
work, that are also zero. 

2. Similarly tf the same network of n cotls ¥iG.8.6.—Two-dimensional 
4s considered as a junction network with only Subspace in a Three-dimen- 
n — k junction-pairs (where the currents and sional Space 
voltages are known only at the junctions), 
then the point ts restricted to move only in an n — k dimensional sub- 
space of the n-dimensional space, whose points are not included in the 
previous k-dimensional subspace. That is, the moving point has no pro- 
jections along the previous k& reference axes. It may be shown that 
the two mutually exclusive subspaces are also orthogonal to each other. 
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The points of the k and n — k dimensional subspaces determine 
completely all the points of the m-dimensional space of the network. 

3. Finally, «f the network of n coils 1s considered as an orthogonal 
network having both mesh and junction currents, then the point describes 
a trajectory in the n-dimensional space of the network and tt has projec- 
tions along all the n reference axes. 

That is, a network of 2 coils may be assumed to represent a hypothe- 
tical 2-dimensional space irrespective of the number of meshes and 
junction-pairs of the network. The manner of interconnection of the 
coils inherently divides the n-dimensional space into two independent 
orthogonal subspaces whose points are mutually exclusive, so that the 
moving point may restrict its motion to one of the two subspaces, 
depending on the manner the network is excited. Hence the currents 
flowing around the meshes and the currents flowing through the junctton- 
pairs are orthogonal to each other. 


XI. RESTRICTIONS ON THE REPRESENTATION 


(a) In the geometrical interpretation of the electrical phenomena 
appearing in networks the representative space in which the point 
moves was not assumed to have any boundaries. Around the origin 
of this n-dimensional space it is possible to assume an infinite number of 
reference frames, some of the reference frames corresponding to: 

1. A definite n-coil network selected from all possible n-coil net- 
works. 

2. A definite set of m axes assumed in this n-coil network. 

3. Adefinite linear function of the 2 currents flowing in the assumed 
n axes of the given network (say the ‘‘ magnetizing ’’ and “ load ” 
currents corresponding to particular currents assumed). 

(6) However, the assumption of an 2-dimensional space of infinite 
extent in all directions, in which an infinite variety of reference frames 
can be assumed by simply assuming any linear transformation, does 
not exactly correspond to an 2-coil network, since 1” an n-cotl network 1t 
1s not possible to assume any linear transformation. There is only a 
limited (though large) number of ways in which n coils can be inter- 
connected. There are only a limited number of ways in which the n 
axes may be selected and a zmited number of ways in which arbitrary 
linear relations (hypothetical currents) may replace the actual cur- 
rents assumed. 

In other words, in the -dimensional space assumed, the variation 
of the currents that may occur in any z-coil network can fully be repre- 
sented, but not vice versa. In the space assumed, the moving potnt may 
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follow paths that cannot be duplicated by the actual or hypothetical currents 
in any n-cotl network, and consequently the assumed space is not an 
exact reproduction of all possible networks. There 1s no one-to-one rela- 
tion between the space and the network, which, however, is necessary 
in order that the geometrical representation should be of more use. 
For instance, there is nothing in the representative space to justify the 
existence of the dual concepts of ‘‘ mesh”’ and “ junction-pair" that 
play such a fundamental part in the network analysis. 

(c) In order to find a geometrical representation in which the 
physical concepts of “‘ mesh,” and “ junction-pair,’’ etc., find an 
analogous geometrical equivalent, the character of the representative 
space so far considered has to be restricted by introducing boundaries, 
removing portions, adding projecting parts, etc., until the representative 
space has the same form as the network itself. 

(d) The study of -dimensional space of unbounded extent in all 
directions is undertaken in “ differential geometry”’; while the study 
of m-dimensional spaces bounded 1n several dtrections by spaces of smaller 
dimensions (like a cube, or an icosahedron) is undertaken in “‘ topology " 
or ‘‘ analysis situs,’’ where such bounded spaces are known as “ cells " 
of various dimensions. 

The tensorial method of approach (namely, the use of ‘reference 
frames,”’ ‘‘transformation,” “invariance,” and “group’’) has been 
used in the study of differential geometry for fifty years and an 
extensive literature is available on the subject, but for the study of 
topology it has been used systematically in tensor symbolism only 
during the last year or two, and outside of scattered abstracts and dis- 
cussions no literature is available on it as yet. 


XII. INTERCONNECTED SPACES 


(a) A cowl may be represented geometrically by a one-dimensional 
space (a line) which is bounded by two points, the two junctions of the 
col. Also a junction point of two coils may be represented as a zero- 
dimensional space. 

Hence a network of n coils and k junctions may also be represented 
geometrically as a collection of n one-dimensional and k zero-dimensional 
Spaces, the zero-dimensional spaces forming the boundaries of the one- 
dimensional spaces. (From a geometrical point of view an impedance- 
less branch is to be assumed as a coil with zero impedance. Hence it is 
represented by a one-dimensional space (1-cell) and its two ends by two 
zero-dimensional spaces (0-cells) instead of forming only one junction, 
as it is assumed in these pages for analytical purposes.) 
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When rotating machines with brushes and slip-rings, etc., are 
connected to the network, the whole system being as yet unexcited, the 
representative space contains also two- and higher dimensional spaces 
in addition to zero- and one-dimensional ones. 

(b) The classification and the study of the properties of these com- 
plicated geometrical figures as such are too difficult without the aid 
of an auxiliary geometrical device. This auxiliary device consists of 
drawing upon the given collection of spaces certain configurations of 
various dimensions. The manner in which these additional nets can 
be drawn upon the given cells serves as a starting point for their study 
and classification. These additional geometrical configurations drawn 
upon the given ‘‘cells’’ in order to study thetr properties are called 
“* chains.” 

For instance, a torus (an anchor-ring or a “‘ doughnut ”’ shown in 
Fig. 8.7) differs from a sphere in the respect that it 
is possible to draw on it two (and only two) closed 
curves, namely: 

1. One parallel with the hole (curve A). 

2. The other perpendicular to the hole (curve 


a. al B). 
Fic. 8.7.—An An- The characteristics of these two closed curves 
ii ela is that they cannot be made to disappear by de- 
Cues forming them in any manner, that is, by stretch- 
ing, bending, or moving them (without removing 
them, however, from the surface of the torus). 

On the other hand, zo closed curves can be drawn on a sphere that 
cannot be made to disappear by contracting them into a point. 

Hence the difference between a torus and a sphere is established 
by means of configurations (chains) superimposed upon them. Because 
of the existence of the two invariant closed curves, the torus is called 
a “‘ surface of genus 1'’ while the sphere, because of their absence, is 
called a “‘ surface of genus 0.”’ 

(c) Now, superimposing ‘‘ chains” upon “ cells” is analogous to 
superimposing “‘ electromagnetic quantities’ (voltages, currents, fluxes, 
m.m.f.’s, etc.) upon a ‘‘ network.’’ Only by means of the superimposed 
electromagnetic quantities can a network be studied profitably by the 
engineer. 

The process of classifying cells or networks by means of super- 
imposed chains or electromagnetic quantities is analogous to studying 
stattcal problems as dynamical problems. 

The reason that the process of superimposing chains upon cells and 
electromagnetic quantities upon networks is so fruitful as an analytical 
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tool is that the process of superimposing chains or electromagnetic 
quantities forms a ‘“‘ group,” as will be shown in Chapter XI. 


XII. ANALOGOUS CONCEPTS IN TOPOLOGY 


(a) The topological equivalence of some of the network concepts 
introduced here is shown in the following table, using the nomenclature 
of Veblen: 


Network One-dimensioral complex 


Sub-network Sub-complex 


Coil 
Junction 
Mesh 1-circuit 


Junction-pair Bounding 0-circuit 


A network is also known as a “ linear graph.” 

When direction is assigned to the left-hand terms, the adjective 
‘* ortented "’ is added to the right-hand terms, as for instance ‘ oriented 
1-circurt.”’ 

Other corresponding expressions are: 


All-junction network 


Number of meshes | Cyclomatic number 


(6) When electromagnetic quantities are superimposed upon the 
network, topologically that step is equivalent to superimposing 
‘‘ chains "’ upon the “ cells.’”’ Some of the analogous topological equiva- 
lents are given in the following table, using the nomenclature of Tucker: 


Mesh current 2% 1-Chain 


Current flowing into a junction Boundary of 1-chain 


Absolute potential at a junction Dual 0-chain 


Coil voltage eg Boundary of dual 0-chain 


Power €,3% Intersection index 


The topological nomenclature in tensor parlance is not yet fully 
established. 
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XIV. THE TRANSFORMATION OF SPACE-STRUCTURES 


(a) The various types of transformations i = C -i’ used in this 
volume may roughly be divided physically into two types: 

1. The transformation of actual currents into actual currents. 

2. The transformation of actual currents into hypothetical currents. 

(5) The transformations using only actual physically existing 
currents may also be divided into two types: 

1. The currents are changed from one set of branches of a network 
into another set of branches of the same network. 

2. The currents are changed from one type of network into another 
type. 

The first type of transformation 1s analogous to a ‘‘ transformation of 
the reference frames."' However, the second type of transformation 
anvolves more than that, since at the same tume the interconnections of the 
cotls are destroyed and the network ts replaced by another network. 

(c) From a geometrical point of view the concept of ‘‘ transforma- 

tion "’ Co. used in these pages for changing the interconnections of net- 
works may be formulated as follows: 
_ Given a set of component spaces interconnected in various man- 
“ner, forming thereby a large number of new spaces (or space-struc- 
tures). Each of these new spaces has its own sets of reference frames. 
If on each of these spaces a certain geometrical configuration (say a 
set of trajectory or ‘‘ path ’’) is drawn, it is possible to set up a set of 
equations (say e = z°i) for each space representing these configura- 
tions. 

The problem under investigation consists of finding a group of trans- 
formation matrices CS. that transforms the different equations of all the 
configurations of the various spaces into each other. That is, the problem 
is to find the equations e’ = z’ - i’ of any of the configurations if the 
equations e = z°i are known for one particular configuration. Or, 
briefly, the problem 1s to set up a “ correspondence’ between the con- 
figurations drawn on different space-structures. 

(d) From a physical point of view the problem may be formulated 
as follows: 

Given several different networks, each having a different number of 
sub-networks, of meshes and of junction-pairs (but the same number of 
coils). If currents and voltages are impressed on them, the perform- 
ance of each network may be represented by a set of equations 

(say e = Zi). The problem 1s to find a group of transformations Ct 
such that with their atd the equations of performance of each of the networks 
may be determined tf those of one are already known. 
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The set of equations7* = C22’ changes not only the reference frame 
a to a’ but also the space on which the reference frames lie, since 
a and a’ lie on two different types of spaces. Or the equations 
4* = C%1@ transform a portion of one space into a portion of the other 
spaces (namely the points lying along the configuration). 

(e) Summarizing the method of reasoning, one of the problems of 
the engineer is to calculate the performance of a great variety of 
dynamical systems under various conditions. The usual method of 
attack consists of analyzing each problem separately as it comes along 
and setting up its equation of performance from fundamentals. In 
their usual method of analysis it is possible to change the axes of 
the same system but it is not possible to change the system itself into 
another system possessing an entirely different set of reference frames. 

The burden of this volume consists of suggesting another procedure, 
which involves the simultaneous analysis of a large variety of physically 
analogous but stall different systems. It 1s suggested here that the first 
step in the analysis of any physical system should constst of finding. a 
transformation matrix C% that sets upa “ correspondence "’ between its 
equation of performance and that of another system (the primitive system) 
whose equation of performance already 1s known. Once C% +s deter- 
mined, the remaining work consists of routine calculations. If the 
‘‘ group" of C% ts defined, the analysis of the large variety of physical 
systems becomes a routine procedure. 

(f) It should be remembered that in most engineering problems 
the concept of “‘ transformation ” 7* = C¢2@’ involves the “ transfor- 
mation of paths from one space into another’ and not merely the 
“transformation of the reference frame "’ in the same space. 

The correspondence between the various types of networks (spaces) 
is established by the recognition that in each all-mesh networks there 
exists one, and only one, reference frame along which the equations of 
performance of the different networks are identical. This reference 
frame consists of the individual coils of the networks. 

That is, if in two 1-coil, m-mesh networks (having different number 
of sub-networks) the variables are assumed in the x coils, the n 
equations of performance of the two networks are identical. They 
become different, however, as soon as any other set of branches is 
assumed in each network. 

(g) It will be shown in the chapter on synthesis that ¢¢ 4s possible 
to establish a transformation between paths drawn in space-structures in 
which each structure contains a different number and different types of 
component spaces, provided the paths are subjected to certain condi- 
tions (say, all networks supply constant current). 


CHAPTER IX 
COMPOUND TENSORS 


I. COMPOUND N-MATRICES, GEOMETRIC OBJECTS, AND TENSORS 


(a) The most primitive type of manipulation of a set of 2 linear 
equations with m variables like e = z-i consists of treating all com- 
ponents of e and i and z as one unit and assuming that all the 
components of e and z are known and ali the components of i are 
unknown. However, in most problems not all the components of a 
geometric object are of equal significance. For instance, part of the 
components of e and part of i may be known and the remaining 
components may be unknown; or some components of e or i may be 
missing, or knowledge of their value might be superfluous. 

In order to treat separately the components of a geometric object 
that have different significance, a single invariant equation, such as 
e = Zi, 1s replaced by several tnvartant equations, each invariant 
equation itself representing several ordinary equations having the same 
general significance. Of course, not only linear but any other type 
of invariant equation may be replaced by several invariant equations. 

First it will be shown how geometric objects may be subdivided 
into several parts; afterward invariant equations will be subdivided 
into several equations. 

(b) A geometric object in which each component ts itself a geometric 
object of the same valence instead of an ordinary quantity will be called a 
“‘ compound geometric object.”’ 

Several special cases may be distinguished. The original n-dimen- 
sional quantity that is to be subdivided may be a tensor or a geometric 
object or an n-matrix. Also, the components of each of these into 
which they are divided may be tensors, or geometric objects, 
or n-matrices, depending on the transformation tensors available. 
For instance, each component of a tensor of valence three may be a 
3-matrix. 

In order to avoid lengthy circumlocutions it will be assumed in this 
chapter, unless otherwise stated, that all base letters represent tensors. 
However, in many cases they just as well can be considered as 
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n-matrices, by ignoring the reference frames shown, though with 
m-matrices many of the results arrived at assume simpler form than 
that shown. 


Il. THE MANNER OF SUBDIVISION OF TENSORS 


(a) A vector A may be subdivided into the sum of two or more 
vectors. For instance, the vector 


a becedefégehié jk imi =. 
»-EPPEPEEE PEP TT] > 
may be divided as A = B + C + D, where 


sauna serene ci 


so that the vector re may be expressed as a compound vector 


in which each component itself is a vector, instead of an ordinary 
number. 

(b) For compound tensors 1t 1s necessary to introduce new types of 
fixed indices, each of them representing not one axis but several axes at 
the same time. For instance, the index p stands for the individual 
axes a, b, c, d, e; the index q for f, g, h, i, j, k; and the index r for 
the axes 1, m, n. Indices representing several indices will be called 
‘ compound indices "’; the usual types will be called ‘‘ individual indices.” 
Both fixed and variable indices may be individual or compound, that 
is, each fixed or variable compound index may represent several fixed 
or variable individual indices. 

Just as the andividual tndices of the component tensors may be trans- 
formed by a transformation tensor Ci, similarly the compound indices 
may be transformed by another transformation tensor Co. In Chapter XX 
examples will be shown where the individual indices and the compound 
indices are transformed by different transformation tensors. 

(c) A tensor of valence two (briefly, a 2-tensor) may be divided into 
the sum of several 2-tensors in several different ways depending on the 
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problem at hand. It may be divided by one or more horizontal (or 
vertical) lines as A = A; + Ae, where 


Here the original tensor A is expressed as a one-rowed ‘‘ compound 
2-tensor ”’ in which each component is a 2-tensor. 
The 2-tensor A may be divided by doth horizontal and vertical lines 
into four or more 2-tensors as A = A, + Az + Ag + Ag, where 
a b c de f 


al2i 0 


so that A is expressed as 


pi] Ai 
q| As 


that is, the original 2-tensor is expressed as a square compound 2-tensor 
in which each component itself is a 2-tensor instead of a scalar. 

As another example the following 2-tensor is divided into sixteen 
smaller 2-tensors as 
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(d) Similarly a tensor of valence three (briefly, a 3-tensor) may be 


expressed as a compound 3-tensor in which each component is a 


3-tensor, by dividing it with horizontal, or vertical, 


planes as shown in Fig. 
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(e) In general, the components have the same valence as the original 
tensor that 1s subdivided, since a 2-tensor can be divided only into 
2-tensors (with a one-rowed 2-tensor as a special case), a 3-tensor can 
be divided only into 3-tensors, etc. The manner of subdivision 
produces a compound tensor whose valence is also equal to that of the 
original tensor. 

It will be shown in Chapter XXI that the “ compound ” tensors 
considered now (where the original tensor, the resultant tensor, 
and the component tensors all have the same valence) are special 
cases of ‘‘ multiple tensors ”’ with more complex structures. 


Il. DIFFERENCE BETWEEN TENSORS, GEOMETRIC OBJECTS, 
AND N-MATRICES 


(a) In subdividing a tensor into several smaller tensors, care must 
often be taken to observe whether the component parts are tensors, 
geometric objects, or n-matrices. 

It should be recalled that with an n-matrix no reference axes are 
associaled. However, the fixed indices always have to be attached to 


‘"every geometric object or tensor. Also it should be recalled that a 


geometric object has a different transformation formula in general 


,; from a tensor, while an n-matrix has no formula of transformation. 


When each of the subdivisions is a geometric object or a tensor, 
then it is possible to change each partial group of reference axes into 
other types of reference axes without disturbing the remaining group 
of axes. Examples of such partial change of axes will be shown in 
Chapter XX. 

(6) For instance, let the components of a compound 2-tensor under 
consideration along some particular reference frame be 


123 45 6/7 
1] 4 Elr|ls|rlu 
2zicipiclalviz|lw 
3;}E|c|Plo|irlsixk 

pad oF ae 9.8 
s| 7 Dicg|s|K{L 
6|zsimlel|axiululP 
7|K Flrijo|Ri|s 


Since some of the smaller components are identical, the question ts 
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whether 1t 1s allowed to represent these components by the same base 
letters or by different letters, as 


B; C 
z= E|}G,| 9.9 orz = 9.10 
H| J 


(c) Now if each component is a fensor or a geometric object (that is, 
if it is intended to change its reference axes), then the two components 


GandF 


1 2 

ee an ee 2 
G=6/J/|M 9.11 

7, KIN 


cannot both be represented by the same base letter G, since they are 
expressed along different reference axes, even though all thetr components 
are identical. In other words, the two tensors G and F happen in 
these particular reference frames to have the same components. How- 
ever, in general in any other reference frame they have different 
components. 

But if G and F are 2-matrices and the reference axes are absent 
then F may be written as G;. 

(dq) On the other hand, considering B and D 


1 2 

3]; E/G 

D = ——o 
4|,F\24 


they may be represented by the same base letter B and B, if they are 
tensors, since they have the same components and are expressed along 
the same reference frames. In any other reference frames they still 
have the same components. 

However, if B is a tensor and D a geometric object, that is, zf B 
and D have different transformation formulas, then they cannot be 
represented by the same base letter, since in any other reference frame 
they may have different components. Hence: 

1. Two n-matrices are identical (and are denoted by the same base 
letter) if they have the same components. 

2. Two tensors are identical if they have the same components and 
the same reference axes. 
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3. Two geometric objects are identical tf they have the same compo- 
nents, the same reference axes, and the same formulas of transformation. 

In order to make the formulas of this chapter as general as possible, 
it will be assumed that each component of a compound tensor has a 
different base letter (the letters 21, Z2, Z3 are considered as different base 
letters). 


IV. MANIPULATION OF COMPOUND TENSORS 
(a) Compound tensors can be added, multiplied, differentiated, etc., 
just like ordinary tensors, with additional precautions to avoid confusion. 


These precautions will be taken up as they are needed. 
The sum of two compound vectors is a compound vector 


pPo4qif Pq f 
p q r 


X+Y=Z= Ai + Bi | Ar + Bs | As + Bs 


The vectors to be added as A; + Bi, etc., must have the same num- 
ber of components and the same individual indices. 

The transpose of a compound 2-tensor in which each component is 
also a 2-tensor is taken by interchanging rows and columns as usual. 
In addition the transpose of each of the components is also taken. For 
instance 


9.13 


(6) Two compound tensors are multiplied together as if each compo- 
nent were a scalar. However, the order of the component tensors in a 
product cannot be disturbed. 

For instance, the product of a compound 2-tensor and a compound 
vector gives a compound vector 


p P| Zicit + Zeorig + Zz-is + Zeris 
q Q] Zseis + Zoeris + Zreis + Zaks 

~ Zoeit + Zroci2 + Zircis + Zi2e°is 
8 S| Zisei: + Zyacie + Zissis + Ziska 


9.14 
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The multiplications and additions indicated in each component are 


still to be performed. 
The product of two compound 2-tensors is a compound 2-tensor 


s| A-K+ B-N+C-R| A-L+ B-P+C-S| A-M+B-Q4+C-T 
X-Y= t]}D-K + E-N+F-R|D-L+ E-P+F-S|D-M+C:Q+F-T 


ul G-K + H-N+ J-R|G-L+H-P + J-S|G-M+H-Q + J-T 


9.15 


In the components the product, say A - K, cannot be written as K+ A. 
It is important to note that: 

1. Along the arrows the original tensors X and Y must have the 
same individual fixed indices. 

2. Along the arrows the original tensors must be divided in a 
similar manner, that is, they must have also the same compound fixed 
indices. 

(c) If the components in the compound tensors are identical, the 
final tensor contains several identical products, thereby reducing 
greatly the necessary number of multiplications to be performed. For 
instance, 


A-D+B-C+B-E/A-C+B-E+B-D|A-E+B-D+B-C 
X-Y =/B-D+A-C+B-E|B-C+A-E+B-D|B-E+A-D+B-C 
B-D+B-C+A-E|B-C+B-E+A-D/B-E+B-D+A:-C 


9.16 


Only six products of the component tensors have to be further evalu- 
ated, namely, A-C,A*>D, A-Eand B-C, B-D, B-E. 

If the original tensors X and Y are not replaced by compound 
tensors in the present case, the multiplication of X and Y involves an 
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amount of work equivalent to finding twenty-seven such products 
instead of six. If the original tensors involve a large number of rows, 
the saving 1n the numerical calculations is considerable. 

(d) If the original tensors involve a large number of rows or columns 
or layers, etc., say twenty or more, then even in the absence of any 
symmetry it is worth while to divide them into component tensors and 
so to calculate first their products and then each product of the 
smaller tensors. 

When a compound tensor is subdivided arbitrarily in order 
to reduce the amount of numerical calculation, its components are 
n-matrices instead of tensors, since no physical or geometrical inter- 
pretation can be attached to the components. 


V. AN EXAMPLE OF MULTIPLICATION OF COMPOUND 2-TENSORS 


(a) For instance, let the product z’ = C, +z ° C be found where the 
2-tensors z and C have many components involving certain symmetry. 
Dividing z and C into component 2-matrices, they become 


alolc {kil i mini plaldbici kit imi nip 


h 
A 
r 
s 
t 
. 


m | 3 
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while the 2-matrices 0 contain all zero components. Jt should be 
noted that no compound fixed indices are associated with the 2-mairices. 
It should also be noted that, along the arrows (along which the 
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multiplication z+* C is to be performed), each component matrix has 
the same number of components in their proper order, namely, 
3-5-3-5 along both arrows. Along the other two directions the manner 
of division is arbitrary. 

(b) The product C,* z+ C is found just as if each component were 
an ordinary number. The first step is 


4Jr-CoJ | 4Je-Be-I an 
41,-B-J | 41,-A -I 
The final product z’ comes out as a compound 2-tensor. 
(c) To express z’ as an ordinary 2-tensor with 7 X 7 = 49 com- 


ponents, the indicated four multiplications are to be performed, 
namely 


9.21 
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Also Ire A*I = A and I.-B: J = (Jc* Bee Dz. 
Hence the final product 2-tensor z’ = C,-z~°C is 


c—e 
s— 4 
2’ h-j 
k—-p 
q-—4 


VI. MULTIPLY COMPOUND TENSORS 

(a) Just as ordinary tensors may be subdivided into several compo- 
nents, stmilarly each component of a compound tensor may be subdivided 
into several components 1n an entirely analogous manner, forming a 
“ doubly compound tensor.” 

For instance, the compound tensor z which contains actually, say, 
twenty-eight rows and columns becomes a doubly component tensor 
when again it is subdivided as 


u Vv Ww t 
a{ fat | | tet | det 
P ae le 

pool | fen] fae] fae 


9.23 
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where A;, Ao, etc. are compound tensors. The indices u, v, w, --: 
are doubly compound indices, each representing several compound 
indices m,n -:-. 

(65) As another example a tensor of valence three may be expressed as 
a doubly compound 3-tensor, shown 
in Fig. 9.2, containing eight com- 
pound 3-tensors as its components 
(shown on Fig. 9.2 as separated), 
each compound 3-tensor containing 
two, four, or eight unequal 3-ten- 
sors (shown with heavy lines). 

(c) Similarly each component of 
a ‘doubly compound tensor ’’ itself 
may also be subdivided into com- 
ponent tensors. It may be called 
a “triply compound tensor." For 
instance, the above original 2-tensor 
z may be expressed as a “ triply 
compound 2-tensor '’ as 


9.24 


so that the original 2-tensor z containing twenty-eight rows and 
columns has been subdivided as shown in Fig. 9.3. 

This successive subdivision of a tensor may be continued tndefinately 
as the complexity of the problem increases, forming in general “ multiply 
compound tensors” of any complexity, in which the various sub- 
divisions may contain unequal number of component tensors and 
also may be tensors or geometric objects or m-matrices in any 
combination. 

(d) The importance of multiply compound tensors is due to the 
fact that any reasoning, any formula, or any equation developed for 
ordinary tensors ts also valid without any change for “ multtply compound 
tensors" of any complexity, and vice versa. 
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Fic. 9.3.—Triply Compound Tensor of Valence Two 


VII. SUBDIVISION OF LINEAR EQUATIONS 


(a) In the previous sections it was shown how a geometric object 


Now it will be 


shown how a single invariant equation may be subdivided into several 
invariant equations, each component equation representing several 
ordinary equations that behave in an analogous manner during the 


A more detailed 


i be given, represented as 


The subdivision of invariant equations represents a very flex- 


ible tool for the analysis and synthesis of systems in which the various 


reference axes have different physical significance. 
treatment is given in Chapters X XI and XXII. 
(6) Let a set of linear equations e = z° 


may be subdivided into several geometric objects. 


analysis. 


9.25 


Nim) O Ty © | © ae) 
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The single invariant equation can be divided into two invariant 


equations according to the requirement of the problem, by, say, a 
horizontal line, giving 


a : 
aB-Bo » 


If the multiplication is performed as indicated by the arrows, the 
result is 


9.27 


Equating each component of the two vectors separately, the single 
equation e = Z°i can be writien as two equations. 


Q1 = Z°i 


oe 9.28 


(c) The same set of equations can be divided by a horizontal and a 
vertical line into two invariant equations as 


Ga 


e1| = ) ej Z1 | Ze 
ms or . = . i ° 9.29 
—— 
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Performing the multiplication of compound tensors as indicated by 
the arrows yields the result 


9.30 


Zi! + zq°i? 


Equating each components of the two vectors separately, the single invariant 
equation e = Z° ican be written as two invariant equations: 


@; = Z, °i! + 22° i? 
9.31 


It should be noted that cross-products as z; ° i? do not enter. 


(2) The same set of linear equations e = z - i may be divided by two 
horizontal and two vertical lines into three invariant equations 


or @./ = 


9.33 


Equating each component of the two compound vectors separately, 
the single equation e = z°i may be written as 
@; = Z, ° i! + zo ° i? + 23 - 33 

@2 = Zz ° il + 25 -i? + 26° i8 9.34 


@3 = 77 ef) + zee i2 + Zp + 73 


each equation representing several scalar equations. 
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(e) Similarly e = z - i may be expressed as four equations by divid- 
ing e@ and i into four and z into sixteen components, giving 
@, = 2] oil + Z2°i? + Z3 °°? + z4 ° it 
@3 = Zg°i! + zi9° i? + 21 ° i? + Z12° i* — 


Z13 ° i} + Zia ¢ i? + 215° 13 + 216° i4 


4 


(f) Of course, in place of e = z+ i any other set of linear equations 
x = A*y can be subdivided in a similar manner. The equation 
i = ye is subdivided into three equations, as 


i} = y! +e, + y?*e2 + y*® * es 
i? = y*-e, + y®* ec + y®-e3 9.36 
i? = y’-e, + y®+ec + y®-e3 


Although e; and i! in general may have different number of com- 
ponents, similarly e2 and i?, etc., in most problems e; and i' also e2 and 
i?, etc., will have the same number of components. This is equivalent to 
making the diagonal component 2-tensors, say 21, Ze, Z11 and 219, square 
while the other components may assume any rectangular form. This 
assumption is made to allow the calculation of the inverse z;—!, zg~-!, 
etc., of the diagonal tensors. The inverse of the non-diagonal 
2-tensors can be found only if they are square. 

(g) The component equations such as 9.35 may be written down usually 
by inspection of the compound 2, @, and i, without performing such mults- 
plications as indicated by equation 9.33 


VI. COMPOUND TENSORS IN INDEX NOTATION * 


(a) The manipulation of ordinary tensors is simpler if direct 
notation is used, as long as the manipulation is restricted to tensors of 
valence one and two, that is to vectors and 2-tensors, and as long as the 
manipulations are of elementary nature. As soon as tensors of valence 
three or more, or more complex manipulations, appear, the index 
notation must be resorted to. 

A similar situation exists in respect to compound tensors of valence 
one and two, whose manipulation in general is simpler if direct nota- 


* The remaining sections (except the last) of this chapter may be left out at the 
first reading. 


COMPOUND TENSORS IN INDEX NOTATION 233 


tion is used since the indices are suppressed. Where the direct nota- 
tion fails, the following index notation may be used. 

(6) In case of ordinary tensors all the ‘‘ fixed "’ indices a, b, c, «++ j 
are represented by each of the “ variable ” indices a, 8, y ---, where 
a or B assume all the fixed indices in succession. 

When the meshes are divided into two groups, then the fixed indices 
are also divided into two groups, say all meshes from a to e belong to 
the first group and those from f to 7 to the second group. For each 
group of ‘' fixed’ indices a separate set of ‘‘ variable" indices is assigned. 
In the present case two sets of variable indices are used, say k, 1, m, 
--~ for the first group and u, v, w--- for the second group, while 
a, B, y -°: are still retained to represent all the fixed indices, as shown 
in Table 9.1. 

TABLE 9.1 


Fixed Indices Variable Indices 
First Group a,b, ¢, °°: 
Second Group | g, h, 4, +-- 


Both Groups ja, b,¢ -+: g,h,4-:: 


The compound tensors are represented in both notations as 


1 2 m ov 


[et] ] 


1 k " 
: : said 
2 u% Zum | Zuv 


That 1s, 1m direct notation one set of subscripts 1s used, 1, 2+-°, 
whereas in index notation two sets of subscripts are used k, m---, and 
U,0-°°, 

With the aid of the three sets of variable indices the equation of the 
whole system is written in both notations as 


@=Zz-i | Ca = Sap? 
and the two equations of the component systems as 
@; = Zz, °i! + 22° i? Ch = Zamt™ + Suet” 


9.38 
@, = 2 oil + z+ i? Cy = Sunt™ + Suet” 
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IX. THE FLEXIBILITY OF THE INDEX NOTATION 


(2) Although the direct notation uses fewer sets of variable indices, 
the index notation has far more flexibility. For instance, when the set 
of equations e = z -i is divided in a different manner, as 


k Zka 
Ul ey Zea 


the equations are 


@; = Z5°i ey = Zrat® 
9.40 


€2 = 26°1 é, = Zuat* 


In this case the direct notation needs a new set of indices 5, 6, but the 
index notation does not need any. 
Or let e = z-i be divided as 


m v 


2S, 


4” 


=| 2 | 2 ale | = zm | Zee 9.41 


In this case the direct notation needs another set of new indices 7, 8, 
but not so the index notation. 
(b) When a 3-tensor is associated with a system that is divided into 


Fic. 9.4.—Subdivision of a Compound 3-Tensor 


two groups, the same set of indices is used. That is, the 3-tensor 
Aasy is expressed as a compound 3-tensor in Fig. 9.4. 
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Other types of subdivision of the same 3-tensor may be expressed 
without introducing new variable indices as shown in Fig. 9.5. 


Fic. 9.5.—Subdivision of a Compound 3-Tensor 


(c) When particular rows or columns are to be picked out for special 


study, the index notation easily accomplishes it as shown for a 3-tensor 
in Fig. 9.6. 


aS 
Ae isa amen! i 
i) 


— 


“ Wal. 


Fic. 9.6.—Various Subdivisions of a Compound 3-Tensor, 


X. SEVERAL SETS OF VARIABLE INDICES 


(a) The subdivision of a system of equations into more than two 
groups introduces as many sets of variable indices as there are 
groups. 

For three groups a range of fixed and variable indices is shown in 
Table 9.2. Of course the indices may be selected differently from 
those shown. For instance, the fixed indices may be lower-case letters 
while the variable indices may be capital letters, or vice versa. 
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TABLE 9.2 
Fixed Indices Variable Indices 


a, b,c eee 


ef, g--: 


h,t,j eee 


a,b+++4,jJ 


kJ Cx = Lkmt™ 1 Syl? + Shyt¥ 
ul = a Cu = Zumt™ + Suvt? + ZuytY™ 9.42 
x | Ce = Semt™ + Sryl” + Seyt¥ 


(b) When a system of equations is to be divided into four or more 
groups the single letters of the alphabet might be insufficient to supply 
enough different indices. In that case each simple index may have a 
subscript aS a1, a2, a3 --- or by, ba, b3 ---, etc. For instance, a five- 
group system may have the set of indices shown in Table 9.3. 


TABLE 9.3 


Groups Fixed Indices Variable Indices 
First 11, lo, 13 --- Qj, a2, dg °°: 
Second | 2), 29, 23 -:- bi, be, bg -°- 


Third | 31, 32, 33 --- C1, C2, Cg °° 


Fourth | 4), 49, 43, --: dj, de, dg «+> 
Fifth 51, 52, 53 -*° Si, fa, fg °° 


11, lo, «+: 2y e+ Sy ee: a, B y::: 


A 2-tensor having twenty fixed indices and five sets of variable 
indices and its various subdivisions are shown in Fig. 9.7. 
When, say, a row belonging to two different groups is to be picked 
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out, then it is represented as the sum of two rows, each row belonging 
to its own group as Zs, + Zap. 
Similar notation is used for the subdivisions of a 3-tensor. 


ee, ee 
Qs; bs Ce Ge f, 
. x 2 4§ © 7 8 ® 10 11 12 13 £46 15 16 17 18 19 20 


Va | | | i tt TT 
A SEREE 


a) a a 
po EEE CCE EEE CE 


Fic. 9.7.—Subdivisions of a Compound 2-Tensor 


(c) In case of doubly compound tensors two groups of variable 
indices are used as shown in Table 9.4, where the five groups of equa- 
tions are divided into two larger groups. 


TABLE 9.4 
Cronies, easecr ladies for Simalier Groupe: ‘loiter Lareercrsace 
First 11, le, 13 ++: Q1, G2, dg °° 
Second 21, 22, 23 °°° by, be, bg °° Ab ees 
Third | 31, 32, 33 --- | Aegean 
Fourth | 4, 40, 43 --- Pi, £2, ps °°: 
Fifth | 51, 59, 53°: - eee | po 


For a triply compound tensor three groups of variable indices are 
introduced. In general, there are as many groups of variable indices 
as there are sets of subdivisions. 
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XI. COMPOUND INDICES 


Just as in direct notation, similarly in index notation, it is possible 
to introduce compound indices, both fixed and variable, to replace 
several individual indices. Denoting compound indices by capital 
letters, the compound 2-tensor of equation 9.42 is written as 


N 
P D E F 


where A, B, C-:- are fixed compound indices, each representing a 
particular set of fixed individual axes; A represents, say, axes a, J, c, 
while B represents d, e, f, C represents axes g, h, 7, and soon. The 
corresponding variable compound indices are P,Q, R°:>. 

The fixed compound indices A, B, C should not be confused with the 
variable individual indices p, g, ---: u,v --: and x, y -:- of Table 9.2, 
since either p or g or 7 represents any one of the axes a, 5, c, while A 
represents all the axes a, b, c and no other index. 

The two symbols zag and zpg both represent the same tensor. 
However, Zas considers it as an ordinary tensor, whereas 2pg considers 1t 
as a compound tensor. 

To represent multiply compound tensors in index notation, it 1s 
possible to introduce multiply compound indices, both fixed and 
variable. 


XII. SUBDIVISION OF QUADRATIC EQUATIONS 


(a) Let a set of quadratic equations be given in which the variable 
4* occurs twice in the same term, as for instance in the explicit form of 
the equation of motion of Lagrange 
d18 “ne 
Ca = Aap + Vapyts? 9.44 
dt 
This invariant equation contains three vectors, éa, %, and dz*/d¢é; 
one 2-tensor, @ag (the so-called ‘‘ metric tensor’); and one geometric 
object of valence three, I'ag, (the so-called ‘‘ affine connection ’’). The 
invariant equation is represented in Fig. 9.8 along a particular frame. 
(6) In an electrodynamical system, say in rotating electrical 
machinery or in a group of accelerated electrons, the axes are sub- 
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divided into two groups, the first group a, b, c --- representing the 
electrical axes (say the meshes), the second group /, g --- representing 
the geometrical axes (the axes of rotation). 


Bp Y 
EE og OE 
abcagefgoh . a 
Corre ie 
a a a 
b b b 
Cc Cc c 
a _ ad di 
q a = é + @a Bs 
f f f 
fr) 9 of 
h n h 
Ca Fag 
-p r} 
2, = Gas 5b + Tapy 1° 1" 


Fic. 9.8.—The Dynamical Equation of Lagrange in Invariant Form 


Accordingly the single invariant equation of motion may be sub- 
divided into two invariant equations by subdividing each vector into 
two parts, the 2-tensor into four parts, and the geometric object of 
valence three into eight parts as shown in Fig. 9.9. 


+,Om OA OTD 


é 


abede*frgh 
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m Vv 


Fic. 9.9.—Subdivision of the Dynamical Equation of Lagrange along the Electrical 
and Geometrical Axes 


If the variable indices of the first group are k, m, n ---, those of the 
second group 4, v, w---, then the two invariant equations are 


ai di” — an te te 
Cy = Aim i + Ai a + Temnt"2” + Veunt’'t” + Vemvt’™t? + Tevwt’t” 9.45 
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Po Pe 
a um - Oa + Damnti® + Deont”é” + Demat” + Duroit” 9.46 


The first equation is the ‘‘ equation of voltage,”’ the second is the 
“‘ equation of torque.” 

In classical dynamical systems many of these component geometric 
objects are zero since there is no interchange between the electrical 
and material points of view. However, in relativistic dynamical sys- 
tems a physical entity may appear as an electrical entity from one 
type of reference axes but it appears as a material entity from another 
type of axes, hence none of these component geometric objects is zero. 

Each of these invariant equations can again be subdivided into 


several equations. 


X01. RECOMBINATION OF INVARIANT EQUATIONS 


(2) When a single invariant equation is given and the various 
types of axes defined, it is a comparatively easy task to divide the 
single equation into several invariant equations. However, if several 
invariant equations are given, each expressed along different types of 
axes, it 1s quite a difficult task to discover a single invariant equation that 
splits up smoothly into the given several equations. 

For instance, in rotating electrical machinery it is comparatively 
easy to set up the invariant equation of voltage and the invariant 
equation of torque separately. But it requires quite advanced mathe- 
matical concepts to be able to combine the two equations into the 
equation of motion 9.44. One of the reasons for the difficulty is that 
the original equations do not have the form of equations 9.45 and 9.46 
because all 3-tensors are degenerated in them into 2-tensors (most 
of their components being zero) the vectors into scalars, etc. Of 
course, once the single equation is discovered, its establishment looks 
self-evident. 

(6) Or as another example, the field equations of Maxwell were 
originally set up separately for the electric and for the magnetic fields. 
The theory of relativity owes much of its success to the discovery by 
Minkowsky of a means for combining the various tensors describing 
the two types of fields into compound tensors and combining the two 
sets of tensor equations into one set. As a result of this combination 
the electric field and the magnetic field become part of one physical reality 
and their separate electric and magnetic scalars, vectors, and 2-tensors 
used in the older physics become component parts of compound vectors 
and compound 2-tensors used in modern physics. 
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In combining several tensor equations into fewer tensor equations, 
the following successive developments occur: 


1. The number of equations decreases. 

2. The number of axes increases. 

3. The valence of the tensors used increases. 

4. The number of tensors introduced decreases. 


The final goal of the simplification is to arrive at a single tensor 
equation that splits up into the various component equations. 

(c) The so-called “‘ Untfied Field Theory’’ of modern physics 
represents attempts by physicists and mathematicians to discover a 
single tensor equation containing compound tensors, so that this single 
tensor equation should split up into several tensor equations repre- 
senting respectively, say, the field equations of Maxwell and those of 
Einstein, the equations of motion of Lagrange, and the wave equation 
of Schrédinger. The discovery of such a tensor equation is important 
in unifying classical and quantum dynamics on one hand, and classical 
and relativistic dynamics on the other. 

The final goal is to set up a single tensor equation that not only 
splits up into these various basic equations but also involves only one 
single tensor (of undetermined valence) so that the final single tensor 
equation that includes say the equattons of Maxwell, Lagrange, 
Schrédinger, etc., has the form 


Several forms have been suggested for this single tensor in the 
absence of quantum phenomena. 

(2) Once the manner of establishment of the compound invariant 
equation is known, in any complicated problem 7z¢ 1s always easter to 
set up first the resultant compound equation and split 1t up afterward 
than to set up the component equations separately. By far the most 
important network problems require the establishment of several 
invariant equations, and in order to accomplish it, 7m all cases first 
the resultant compound equation e = z-°i (or I = Y-E, etc.) ts set up 
and then only is tt subdivided into 1ts component equations that are to be 
manipulated. 


CHAPTER X 
REDUCTION FORMULAS 


I. REDUCTION OF THE NUMBER OF EQUATIONS 


(a) In many problems the total number of meshes may be divided 
into two groups. One group of meshes may have voltages impressed 
around it; the other group has no voltages, but is permanently short- 
circuited. If the knowledge of the currents in the permanently shorted 
meshes is not required for the physical analysis, the corresponding 
equations may be permanently eliminated. 

In other problems some of the meshes may play no important part 
in the physical analysis even though voltages are impressed around 
them. In such cases both the meshes and their impressed voltages 
may be eliminated from view by permanently reducing the number of 
equations. 

The reduction of the number of equations not only may be necessi- 
tated by a desire to ignore the presence of some of the meshes in sim- 
plifying the physical analysis, but also it may be due to an attempt to 
simplify the solution of a set of equations. The usual solution of a set 
of linear equations with the aid of determinants or by eliminating the 
variables one at a time is quite lengthy. 

(6) A labor-saving device, the so-called ‘‘ reduction formulas,” is 
developed in this chapter to speed up the labor of reducing the number 
of linear equations or of solving them and to facilitate the physical 
analysis accompanying such a reduction. 


Il. THE ELIMINATION OF A SET OF VARIABLES 


(a) One of the important applications of compound n-tensors or com- 
pound n-matrices ts to solve a set of n linear equations quickly and in 
an organized manner. The method eliminates many of the interme- 
diary and unnecessary steps needed in solving a set of linear equations 
either by determinants or by elimination of the variables, one at a 
time. 

Two cases will be considered: 

1. No voltages are impressed along those axes that are eliminated. 

2. Voltages are impressed along the axes that are eliminated. 
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(6) Considering the first case, let the linear invariant equation 
e = z-i along a particular reference frame with six axes be 


10.1 


[expressing each tensor as a compound tensor 


e} Z1 Z9 
—-| = 10.2 
0 Z3 Z4 


e = Z-ican be written now as two invariant equations, analogously 
to the two equations of a two-winding transformer: 


e} = 2,04 + zi? e1 = Z) °i! + Zo i? 10.3 
O = agt! + 242? 0 = z3°i! + 24° i? 7 

Since such a subdivision of a set of equations occurs quite often in 
practice, their theory will be considered in greater detail. 

If in the original equations e = z-i the equations containing the 
impressed voltages are not grouped together, they can always be 
rearranged to the desired order by a permutation with the aid of a 
transformation tensor C or in any other way. 

(c) The six equations may represent, for instance, the performance 
of six coils. The existence or absence of an impressed voltage divides 
the coils automatically into two groups such that: 

1. Z; represents the impedance tensor of those coils that have 
impressed voltages, assuming the other coils open-circuited. 

2. Z4 represents the impedance tensor of the other three coils 
with the first set of coils open-circuited. 

3. Z2 and Zs contain the mutual inductances between the two 
groups of coils. The mutual inductances 1n the .two directions are in 
general not the same, that is, Z2 is different from Zs. 

These impedance tensors of the groups of coils may be called 
* open-circuit impedance tensors "’ since they are measured while all 
other groups of coils that may exist are open-circuited. 

(d) The elimination of i? follows closely the manipulation of ordinary 
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equations. To eliminate i? from the second equation the term contain- 
ing i? is brought to the left-hand side as 

zi? = — ggi} | Zi? = — 23 +i! 
Multiplying both sides by z4—! 


i agi? = — 24 ‘zgt! Zz) °%Zqri? =— 7z,' 73° i! 


i2 = — 2, ‘24! i? = — z,!+73 + il 10.4 
Substituting this value of i? into the first equation 
e) = 2,1! — zog, ‘gga! @; = Z, ° il —2°Z,!°23°i) 


Factoring out i! 


cece 


e, = 21) | e, = 2, -il 10.6 


or 


Hence the two invariant equations 10.3 have been reduced to one 
invariant equation, representing three ordinary equations and con- 
taining only the three scalar variables i!. The expression in paren- 
thesis, Z,, is a 2-tensor having as many rows and columns as 2). 


Il. THE IMPEDANCE REDUCTION FORMULA 


(a) For electrical circuits or machinery this last equation may be 
formulated as follows: 

If no voltages are tmpressed along certain meshes, these meshes may 
be eliminated by assuming that the self-impedance tensor 2, of the rematn- 
ing meshes changes to 21, called the ‘‘ short-circuit impedance tensor,” 
by the “* reduction formula "’ 


| 21 = 734 29°24 1 +z | 10.7 


where 24 is the self-impedance tensor of the eliminated meshes, Z2 
and z3 are the mutual impedance tensors between the eliminated and 
retained meshes. 

That is, 2, represents the impedance tensor of the first group of coils 
measured while the second group of cotls 1s short-circuited. Its definition, 
equation 10.7, is analogous to that of the “ short-circuit impedance ” 
of a coil 

Zs = 21 (2m)? /Z2 10.8 


measured while the other coil with self-impedance 22 is short-circuited. 
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(b) Hence the elimination of several variables at one step involves: 

1. The calculation of the inverse of Zz having as many rows and 
columns as the number of variables to be eliminated. 

2. Two 2-tensor multiplications, Z4~' * zg; and Ze « (z47! * Z3). 

3. One subtraction. 

(c) When e = z°i contains many equations, say twelve, with e 
having, say, three components, then the equations of this section may 
be repeated several times in succession. 

That is, first the twelve equations are subdivided into two groups so 
that z, has three rows and z; has nine. Eliminating z4, the remaining 
nine equations again are subdivided into two groups so that zq4 has 
three rows and z; hassix. Eliminating z4 the remaining s¢x equations 
are again subdivided and the last three rows eliminated so that finally 
three equations are left. 

The quickest procedure appears to be to eliminate three rows and . 
columns at one step, since it is comparatively easy to calculate the 
determinant of a matrix with three rows and columns. - 

(d) When 2,’ has been found, the currents in the first group of coils 
are 

i! = gy ~ "ey | i =z, '-e 

Hence the calculation of the inverse of the original z containing six 
rows and columns has been reduced to the calculation of the inverse of 
two 2-tensors (or 2-matrices) z4 and z;, each having three rows and 
columns instead of six. However, some additional multiplications 
have to be performed. 

The eliminated current i? in the second group of coils is found from 
i! by equation 10.4, namely, by 


i? = — 2; legal | i? = — zz! - 73 +i! 10.9 


where z, ' + z3 has already been calculated as a step in finding 2}. 


IV. THE USE OF DOUBLY COMPOUND TENSORS 


(a2) When the elimination of a set of variables is to be repeated 
several times in succession, the work is greatly speeded up by express- 
ing the original impedance tensor as a compound tensor. Then thts 
compound tensor is reduced just as if it were an ordinary tensor by 
eliminating one row at a time. 

The advantage of this method of elimination is that it avoids the 
multiplication of matrices with many rows and columns. Also any 
symmetry that may exist among the smaller matrices may be utilized 
to avoid the repetition of identical multiplications which cannot be 
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avoided otherwise. Even in the absence of any symmetry many dupli- 
cate multiplications are avoided. 

(6) For instance, let an impedance tensor z with eleven rows and 
columns be subdivided into 3% components, expressing it as a com- 
pound tensor with three rows and columns as 


10.10 


The equation e = Z*1 may represent the performance of a net- 
work with eleven meshes, the meshes being divided into three groups 
: ate with voltages impressed only in the meshes 
of the first group. A special case of such a 
network is shown in Fig. 10.1, where the 
three groups of meshes are shown as indepen- 
ae dent sub-networks to keep the physical picture 
SOT : 
of the equations clearer. 

E aie 8 The equation e = zi may represent also 
a“ the performance of any linear dynamical 
Fic. 10.1—A Network System, such as a group of uniformly rotat- 

with Three Groups of ing or oscillating electrical machines, etc. 
Meshes (c) To eliminate the last row and column, 


a z is subdivided into four smaller tensors, that 
is, it becomes a doubly compound tensor with two rows and columns 


10.11 
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From the last tensor the second row and column is eliminated by 
equation 10.7, that is, by 


Z, = Zqg — MZ) *Z5~ 
where 


EY Ey _ od 


Performing the indicated multiplications 


— 


Z6 


Zo — Zg+2 | 


— we ow — 


25 — 2g°Z9 °° 


10.12 


having 4 + 3 = 7 rows and columns. 

Eliminating again the last row and column with equation 10.7 by 
finding the inverse of the right lower corner tensor Zs — Zg * Zy ' * Zs 
the final reduced tensor is 


21" =(21—23*Zp '+27) — (22—2g+Zy \+2g)*(25—26-2Z9 °Zg)~ + (Z4—Ze-ZQ +27) | 10.13 


This is the formula to be used immediately to reduce the eleven-rowed 
2-tensor 10.10 to a four-rowed 2-tensor. The immediate use of this 
formula eliminates carrying along page after page the numerous sets 
of equations and writing them down on paper over and over again, as 
the variables are eliminated one at a time. In the absence of any 
symmetry the number of slide-rule operations that have to be per- 
formed is probably the same in any method of solution, but with the 
aid of the invariant equation 10.13 the scalar equivalent of all the steps 
used tn its derwation are completely eliminated. When the components 
of the 2-tensors have some symmetry, many repetitions of slide-rule 
operations may also be eliminated. 
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(d) It should be noted that this formula for z; is quite similar to 
that of z; of equation 10.7, namely z; — ze+2,'*2z3, except that 
each “ open-circuit impedance tensor" of Z, 1s replaced now by a “‘ short- 
circuit impedance tensor.’’ That 1s, the expressions in the parentheses 
of equation 10.13 represent the self- and mutual impedance tensors of the 
first and second group of coils of Fig. 10.1 measured with the third group 
of cotls permanently short-circutted. 

The whole expression z; itself represents the impedance tensor of the 
first group of coils measured with the other two groups of coils permanently 
short-circuited. The inductance of one coil in the presence of two 
permanently short-circuited coils is, analogously to equation 10.13 


LY” = (Lir — M13M43/L33) — 


(Li2 — Mi3Mo3/L33)(Li2 — Mi3Mo3/Ls3) 
Lo2 — Mo3Mo3/L33 


(e) The reduced equation is e; = z, °i!, where z; has as many 
rows and columns as 2Z;, namely four. The equation is solved as 
il = zi ° G1. 

Eence the solution of the eleven equations e = 2° i has been reduced 
to the calculation of the inverse of three 2-tensors, each having the same 
number of rows as the diagonal tensors Z9, Z5, and Z1, namely four, three, 
and four respectively. ‘There are also several multiplications and sub- 
tractions to be performed. 

It should be noted that, even in the absence of any symmetry, 
two products, Z3 ° Z9' and 2 * 2, ', occur twice in the equation. 


10.14 


V. IMPRESSED VOLTAGES IN ELIMINATED AXES 


(a) In the previous sections it was assumed that no voltages are 
impressed along the eliminated axes. It will be shown that the same 
formulas are valid even in the presence of applied voltages, except that 
the presence of applied voltages 1n the elaminated axes changes the appar- 
ent value of the applied voltages tn the retained axes. 

(b) Again let a set of linear equations e = z-i be given and let 
they be divided into two sets of equations as 

ee) = Z°il + Ze ° i? 
10.15 
@2 = 273° i! + 2% i? 


The subdivision of the system into two groups may be necessitated 
for various reasons. They may be subdivided just for the sake of easier 
manipulation. Or e; may represent the voltages at the points of entry 
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and €2 may represent some internal voltages. (That is, the system is 
considered ‘‘ active "’ instead of “‘ passive.’’) Still another reason might 
be that e; may be considered to remain constant and e2 variable. Or 
perhaps Z4 may be considered as a variable load and the other impe- 
dances may remain constant, etc. 

(c) Following closely the steps in Section II, let i? be eliminated 
from the second equation 


Z4°i? = @2 — 23°11 


i2 = z+ (eg — 23° i!) 10.16 
Substituting i? into the first equation 
e, = Z,°i! + 22°72, )° (eg — 23° i!) 
Factoring out i! 
Qe, = (21 — 22° 2, '° 23) °it + 22°2'* ee 


(@, — 22° ++) = (21 — Zg+2%q 1+Z3)+i! 10.17 


’ are | 
e) 2, °1 


Comparing these equations with equations 10.5 and 10.6, it is found 
that the reduced impedance tensor 2, 1s found the same way as in the 
previous case, namely by the “‘ impedance reduction formula”’ 


(d) However, the apparent value of the 1mpressed voltage on the first 
group of coils changes from e, to e,' by the ‘‘ voltage reduction formula "’ 


| @; = @; — 29°24 | ee | 10.19 


where @2 1s the impressed voltage vector of the eliminated group. 

The multiplication zz - zz? needed in the calculation of the new 
impressed voltage e’ has already been performed in the calculation 
of z’. 

A physical interpretation of the new impressed voltage e’ will be 
given in Section VIII with the aid of Thévenin’s theorem. 

(e) The current i? in the eliminated group is from equation 10.16. 


or 


i? = zo! (eg — zy-i!) 10.20 
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VI. NUMERICAL EXAMPLE 
(a) Given five equations with five siowne: 
10 = 12% + 22° — 30¢ + 424 + Sal 
9 = 212 + 40> + 32° + 524 — 12/ 
8 = 3e% + 40° + Ste + 224 + 32/ 
7 = 12° + 22 — Are — 374 + Sif 
6 = 572 + 10° — 32° 4+ 324 + 21 
If the five equations are written as e = Z°i then 


a b Cc d f 


io {9 [8s |7]| 6 


The problem is to reduce the five equations to two equations. Three 
of the unknowns 7°, 77, and 7/ can be eliminated in one step, by separat- 
ing the axes into two groups a, b, and ¢, d, f so that 


a b Cc d f 
~PP) GEE 
a b Cc d f 
a b 
a 
Zi = 
b 
a b 
ci 3 4 
z=di 1 2 
fi § 1 
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(b) If the last three rows and columns are eliminated the remaining 
tensor (having two rows and columns) is, by equation 10.18, 


0 115 —0 0274 | —O 104 


OO 


0 0384 | —0O 104 0 203 


ee a a Cee 


0 115 0 115 0.0384 


0 3835 0 2412 | 1 316 797 | 3 332 


0 422 —0 717 | 0 665 3 871 | 0 919 


(c) The new applied voltages are, by equation 10.19, 


e’ = e@) — 29°24 1+ ep 


Since Z2 ° Zz, ' has already been calculated 


a b 
to°tz +t, - | 12 64 | 2.35 | 
a b 


ee ee ae =| —2 64 | 6 65 | 


(d) Hence the remaining two equations with two unknowns 


‘= 7'-j’ are 


e€ 
—2.64 = — 6.9772 — 1.3322? 


6.65 = — 1.8727 + 3.0812 


VII. REPLACING AN ACTIVE BY A PASSIVE NETWORK 


Since the effect of any impressed voltage ez in the eliminated meshes 
is to change the impressed voltage e: of the retained group to ej, 
therefore the presence of e2 may be ignored and in its place e1 may be 
changed to e; so that the set of equations 10.15 may also be written as 


@, — Z2°Z,) *@2 = Zc i! — 22° i? 


0 


10.21 


Z3°i! — 74° i? 
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That is, in any active, asymmetrical, linear system the internal forces 
€2 (voltages) may be eliminated (and the system made passive) by replacing 
the terminal forces e; by a new set of forces 


a waa 
e; = €1 — 22°24 1° e2 


but leaving the whole system arrangement unchanged. 

The currents i! flowing through the terminals are the same as in the 
presence of the internal voltages e2. However, the internal currents 
i? are different in the two cases, since in the presence of the in:cernal 
voltages i? is found in terms of i! by equation 10.20 whereas in the 
absence of internal voltages i? is found in terms of i! from the secom 
equation of 10.21 by equation 10.9. That is, the equivalence of the 
active and passive networks, each having different terminal voltages, /s 
valid only when viewed from the terminals (that is, from the meshes of 
the first group). 


VIII. A GENERALIZATION OF THEVENIN’S THEOREM 


(a) In most engineering problems the steps of eliminating certain 
variables occur while the equations still contain design or test con- 
stants instead of pure numbers. For instance, in synchronous 
machines the equations of the field and amortisseur windings are 
usually eliminated, in induction motors those of the rotor windings, 
etc. The variables in these cases are eliminated in order to simplify 
the physical analysts of the problem. 

Since there is hardly any engineering problem where the reduction 
formulas are not used to simplify the physical or analytical set-up of 
the problem (whether recognized as so or not), it is worth while to 
point out that these formulas may be considered as a generalization af the 
so-called ‘* Thévenin’s theorem" sometimes used to simplify the 
analysis of electrical engineering problems. It may be stated (among 
other ways) as follows: (Fig. 10.2) 

Let a network 24 containing impressed voltages be open-circuited 
at point A and let the instantaneous open-circuit voltage at that point 

be éo. If a second and passive network Z; is 


A connected at point A, the instantaneous cur- 
= rent flowing through point A is 
Fic. 10.2.—Thévenin’s 4 —€ 10.22 
== 
Theorem Zi+ Za 


where Z; -+ Z¢ is the combined impedance of the two networks look- 
ing in from point A. 
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It will be shown that this last equation 10.22 is a special case of 
equation 10.17. 


(6) The reduced equations are, from equation 10.17, 
il = (z) — Z2°Z,'°2Z3)—1 + (e, — 22°24! * en) 10.23 


The terminals from which the network is viewed are the meshes of the 
first group. The impedance of the whole network viewed from the 
first group is Z; — Zz ° 2; * Zs, the current through it is i', and if no 
impressed voltage e; exists on it the current is due solely to the addition 
voltage —Z2 ° Z,° * e2 appearing upon the first group. 

Now the additional voltage —2z2.+2,;'+e2 appearing around the 
meshes of the first group represents the open-circuit voltaye appearing 
across their terminals when the meshes of the first group are open-circuited 
and when currents flow in the eliminated second group owing to thetr 
am pressed voltage vector eo. 

(c) That is, if the second group of four coils z, alone is excited (the 
first group being open-circuited) the current in them is 


if = zp ++ ee 10.24 


The voltage induced in the first group of three coils due to this cur- 
rent 1s 
€9 = 22°19 = z2°Zy) + ee 10.25 


where Z2 represents the mutual inductance between the two groups. 

If no voltage e1 is impressed across the first group of coils, the 
current flowing through them is due entirely to the open-circuit voltage 
—€o appearing across them. 

(d) Hence the ‘‘ reduction formulas’ represent the generalization of 
‘“* Thévenin’s theorem "’ by: 

1. Replacing scalars (impedance operators and voltages) with 
tensors of various valence. 

2. Assuming asymmetrical mutual impedances between the two 
systems to be interconnected, hence making the theorem valid for 
moving or oscillating systems also, such as rotating machines. 

3. Assuming impressed voltages on both systems. 

4. Following the theorem in a manner that makes it independent 
of electrical phenomena and applicable to any physical phenomena 
that can be described by a set of linear invariant equations. 
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IX. IMPRESSED VOLTAGES IN THREE GROUPS OF COILS 


(a) The complete set of invariant equations of the three groups of 
coils are 
el = Z, i! +- Zo ° i2 + Zs © i3 


@o = z4° il + zs ¢ i2 + 2° i? 10.26 


@3 = 27° i! + zg ° i? + Z9° i3 


(6) The subdivision of a system of equations into three groups 
may be necessitated for numerous reasons. They may be subdivided 
just to simplify their manipulation. Or e; may represent the accessible 
terminal voltages, e2 the internal voltages of the second group, and e3 
of the third group may be zero. As another case, in the first group the 
voltages e; may be kept constant, in the second group the currents i? 
may be kept constant, and in the third group both eg and i? may assume 
any values. The enumeration of the various reasons for subdividing 
a system into two, three, four, or more groups can be continued 
indefinitely. Each of the reasons requires a different manipulation 
and a different formula or criterion to be sought. Various cases are 
considered in detail in Chapter XXI. 

The use of the invariant equations of these sections eliminates the 
necessity of repeating all the steps of the analysis each time a new Set 
of equations 1s established or a new type of answer ts sought. The equa- 
tions derived here are independent of the method of interconnection 
of the networks or the arrangement of the linear dynamical systems 
and their reference axes. The systems may be active or passive, 
symmetrical or asymmetrical. Each symbol in the equations repre- 
sents a definite physical entity associated with the system that influ- 
ences the performance, while all disturbing detatls are absent. 

(c) The problem at hand is to eliminate the equations of the second 
and the third group of meshes and to express the performance of the 
whole system in terms of the first group of meshes and its impressed 
voltages. Expressed in another way, the problem at hand is to solve 
the set of equations 10.26 for i}. 

By analogy with the two-group case, the final formulas will be the 
same as before except that the self- and mutual impedance tensors 
of the coils of the first and second group are measured while the coils 
of the third group are short-circuited. 

(d) Eliminating i® from the third equation 


is = z,>'+ (e3 — 27° i! — zs ° i?) 10.27 
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Substituting into the first and second equations 
Qe; = Zz) <i! + Z2°i? + 23°25) (eg — 27 +i} — zg + i2) 
@2 = 2° i! + 25° i? + 26°29! + (e3 — 27° i! — zg - i2) 
Factoring out i! and i? 
(@1 — 23°29 '*e@3) = (21 — Z3°2%)*2Z7) i! + (zy — 23° Zy + Zg) ° i? 


(ez — 26° 21+ €3) = (24 — 25° 2g * 27) +i! + (25 — 2g° 29) + Za) 2 
10.28 


The three sets of equations 10.26 have now been reduced to the two 
sets of equations with two variables, equation 10.28, that can be 
written shortly as 

eo=2Z,:i+23-i? 
oe ae 10.29 
@. = 2Z3°i! + 2, ° i? 


These equations represent the first two groups of coils, with the 
third group eliminated. The cffect of the elimination of a group is: 
(1) to change the open-circuit self- and mutual impedance tensors of 
the remaining groups to the short-circuit self- and mutual impedance 
tensors; (2) to change the impressed voltages of the remaining groups 
to a new value. 

(e) The manipulation from now on may follow two paths. Either 
the results of Section V are substituted into equation 10.29 or the 
manipulation of equation 10.28 or 10.29 is continued. Using the 
results of Section V, the reduced equation, containing only the meshes 


of the first group, 1s 


where 
Zi = Zy — Zo °Zy + Ze 10.31 
e, =e, — 2°21) +e) 10.32 


Substituting the values of the primed quantities from equation 
10.28, the reduced tensors are 


21’ = (21-2329 +27) —(Za—Zg*Zp §*Zg)*(Zp—Ze*Zp '*Zg)~1+(Z4—Ze*% +27) | 10.33 


e1' = (1 —Z3°2p + €3) — (22 —23°2p '+Zg)(zZg6—Z9°Z |+Zg)—1+(€2—Ze°Zp *es)| 10.34 


The form of the short-circuit impedance tensor 2; of the first group 
(already given in equation 10.13) and that of the new reduced voltage 
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vector e€; to be impressed on the first group are analogous to equations 
10.18 and 10.19 except that each open-circuit impedance tensor 1s 
replaced by a short-circuit impedance tensor, and each actually impressed 
voltage vector e 1s replaced by tts equivalent voltage vector e’. 

(f) The three sets of currents flowing in the three groups of meshes 
are found from equations 10.30, 10.28, and 10.27 


i} =z) -!-ey 
i? = (z5 — Zg*Z °Zg)—!* [eg — 26°21 °@3 — (Z4 — Z6°2Zy  *2Z7) °i!] 
i3 = z>) + (e3 — z7°i! — zg - i?) | 10.35 


To calculate these currents three inverse 2-tensors have to be calcu- 
lated, namely 


Y=%" 
y’ = (Zs — ze y° Zs) 10.36 
y”’ = (Z1 — 23° y° 27) — (22 — 23° y° Zs) * y’ * (%4 — 26° Y ° 27) 
In terms of these inverse 2-tensors the three current equations are 
i} = y”-[e, — 73° y*e3 — (22 — 23° y* 28) *y’ * (€2 — Ze°y ° €3)] 
i? = y’ + [eos — Ze°y*es — (Z4 — 2° Y°* Z7) ° i’) 10.37 
i3 = y+ (eg — 27° i! — zg» i2) 


(g) Each formula in these sections ts valid if each tensor 1s a compound 
tensor of any complexity. That is, each of the three groups of circuits 
themselves may be built up from several smaller groups of circuits. 


X. ARBITRARY SUBDIVISION OF COMPOUND TENSORS 


(a) When a set of ordinary equations is replaced by a set of 2 
invariant equations in which each component is a 2-tensor (or a 
i-tensor) they are simplified by: (1) eliminating one row and column 
at a time with the equations of Section V by considering it a doubly 
compound tensor with 2? = 4 components; (2) eliminating two rows 
and columns at a time with the equations of Section LX by considering 
it a doubly compound tensor with 3? = 9 components. 

That is, when the previous equations are to be used in connection 
with a compound tensor, its subdivisions, except the first one, include 
only one row and column as 
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2 ZQ Z3 


Z6 27 Z§ 


Z-] Zy Z32 213 214 


Ce ee ae 


This type of subdivision was necessary, since then only the znverse 
of a diagonal 2-tensor, Z23 or Zj9, had to be calculated. 

(b) However, the doubly compound tensor may be subdivided by 
including two or three rows and columns in each subdivision, such as 


z= = 10.38 
e=] e | 2 | | ey | 5 | | e€7 = Ca | &b | e, 10.39 
i = - fis | is | i 10.40 


In this case also the previously developed equations may be used to 
eliminate several sets of variables or to solve the equations e = Z *1, 
However, they require the calculation of the inverse of compound 
2-tensors with two or three rows and columns. These formulas are 


developed presently. 


XI. THE INVERSE OF A TWO-ROWED COMPOUND 2-TENSOR 


(a) One way to establish the inverse of z where z is a compound 
2-tensor is actually to solve the several sets of invariant equations and 
establish i = z~!+e. In Sections V and [X two and three sets of 
linear tensor equations were already solved, but the solutions were not 
completed to the presently desired form, since i? and i? were expressed 
in terms of i! while for the inverse it is required to express i? and i 
also in terms of the impressed voltages e1, €2, and é3. 
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(6b) Considering first two equations given in Section V, the currents 
are expressed in equations 10.17 and 10.20 as 
it = (Zz; — z2°2,! + 23)~! + (e1 — Zo* 24° * €2) 
; 10.41 
i? = 2, * (e2 — 23° i!) 
The currents i! and i? have to be expressed as linear functions of 
e; and eg, hence substituting the value of i! into i? 
il = (z) — 2°24! *23)-! +e, — (21 — 22°24) * 23)! * Zo%y' * 2 
i? = Za! ° fez ee [(zZ) — 72° Z4 ° Z3)~} °@) 
—(Z, — Zo * 247) + Z3)—1 + Zo + Z4-! + @n]} 
i? = — 2! + 23+ (z1 — 22°24) *23)-1 ey 


+ [zp' + zg! + z3(z, — Z2° 2,1 °Z3)-! + 22°24] * ep. 


If (z; — 22° 2, °23)~-' = y’ and z,' = y, then the inverse set of 
equations i = y* eis 


it = y’*e; — y’ *Z2°y- ee | 
. ; 10.42 
i2 =— Y°Zs°y rer t+ (y+y°zZs+y'*22°y) ee] 
(c) That is, the tnverse of a two-rowed compound tensor Z is 
Z= z—! 10.43 


where the two inverse 2-tensors to be calculated are 


The steps in the calculation of z~! are: 


l.zji=y 4. (y°Zs)°y’ 
2. ¥°Zs3 5. y'*Z2°y 
3. [Z1 — Z2+ (y+ 23)] 7! = y’ 6. y + (y° Zs) ° (y' *Z2°y) 


That is, only the same two inverse 2-tensors have to be calculated as in 
the previous section. The first three steps include these inverse calcu- 
lations, the steps being the same as in the previous sections. The 
remaining work consists of three multiplications and one subtraction. 

The formulas are equally valid if z is a multiply compound 2-tensor 
of any multiplicity. 
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(d) If the compound 2-tensor is a diagonal tensor its inverse is 
found by calculating the inverse of each diagonal component sepa- 
rately, as for ordinary 2-matrices. That is 


These formulas are valid also if each component of the compound 
tensor 1s not a 2-tensor or 2-matrix but a linear operator such as 
d(cos wt) /deé. 


XII. THE INVERSE OF A THREE-ROWED COMPOUND 2-TENSOR 


(a) The inverse of a three-rowed compound 2-tensor may be 
derived by considering it a two-rowed doubly compound tensor as 


nN 
~_ 
I 


Zz3 = 


The inverse of the doubly compound tensor has been given in 
equation 10.43, where each tensor is a doubly compound tensor, that is y’ 
has two rows and columns, etc. Four compound tensors have to be 
found altogether, namely Ze, Z3, y, and y’.. Now 2g and 2; are alieady 
known, y is easily calculated as z;', so that only y’ is left to be 
calculated. 

The inverse of y’ is calculated first as 21 — Z2 ° 2, ' ° Z3, giving 


Za — Ze°2y  *Ze Zp — Ze*Zq 


Zi — ZyeZy +Zp Ze Zye%y* 


ie = yi *z°y" 


10.48 


s 


as, yzgey!”’ y” + yi szg¢ yl Zoey” 


where y” = z,~' and y’” = (z, — 22° y’’ * Z3)7!. 10.49 
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(6) To substitute y, y’, Z2, and Zs into equation 10.43 calculate 


y+ (Zz, = Ze*y!'*Zs) 


y+ (zy — zgey’"* (Ze — Zq*y'’+2y)] 


Zgry’ =| (Zp — Zary’’*Zg)ey’” | [zn — (Ze — Zar y’’o2g) ey’ *ze]ey” 
Zac y'* Zs = (Z, — 2° y"’* 23) yy!” * Z, 
+ [Z, — (% — Zrey’’ +23) ° y+ Za) yy”! ° zy 


Substituting into equation 10.43 the inverse of the three-rowed 2-tensor 
of equation 10.47 is z—! = 


yl szaey” — yl *(Ze— Za" Zs) 


yy ty” z3¢ yy" Za y” —y"!+|[z¢—Zg-y'"’ + (Ze—Z9° yy" 2s) ] °¥ 


= (Zp — Ze y’ 2g) | — y= [Zn — (Zp tz” #73) Yt y+ (Zp —2h- 923) + ¥'"Zory + 
yz, — (2g —Zpey’’*2Zg)-y!"’ 2a] 
y’-zy-y 


10.50 


Several of the products occur many times, hence duplication of work is 
avoided even if there 1s no symmetry tn the original 2-tensor. 


XI. SUMMARY OF THE REDUCTIONS OF LINEAR EQUATIONS 


The set of n linear equations e = z - i may be reduced to less than 
n equations or may be completely solved by: 

1. Eliminating three, four, or more rows at a time with equations 
10.18 and 10.19. This requires the calculation of the inverse of a 
matrix with three, four, or more rows during each step of the elimina- 
tion. 

2. Eliminating all rows at one step by dividing z into 2? or 3? com- 
ponents and calculating the reduced z by one formula with equations 
10.18 or 10.33. This requires again the calculation of the inverse of 
two or three smaller matrices. Instead of 2? or 32 components z may 
be divided into n* components and formulas may be developed for 
the immediate calculation of the reduced z by following the reasoning 
of Section IX. 

3. Instead of developing new formulas for the elimination of 
n — 1 groups, the 2? matrices into which z is subdivided may again be 
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subdivided into 2? or 37 compound 2-matrices (z being then a doubly 
compound 2-matrix), and the procedure of the previous paragraph is 
followed by assuming that each n-matrix in the equation stands for a 
compound n-matrix. 

4. The calculation of the inverse of matrices can be entirely avoided by } 
eliminating one row and column at a time, instead of three or four with: 
equations 10.18 and 10.19. In that case the matrix Zz, becomes a scalar! 
Z, and its inverse is simply 1/Z4. However, Zz ° z,' ° 23 is a matrix;' 
having one less rows and columns than the original matrix. 

It should be noted that when the matrix z is divided arbitrarily into 
several smaller matrices to eliminate the variables, without considering 
the physical meaning of the subdivisions, then only n-matrices enter into 
the picture during the elimination and not tensors. 


XIV. STAR-MESH TRANSFORMATIONS 


(a) When e = z°i represents the equations of a mesh network 4 
then the elimination of one row and column at a time is the equivalent to ' 
eliminating one mesh at a time from the network by a star-mesh transfor- : 
mation. The mesh that is eliminated may have mutual inductances 
with any of the other meshes and may have voltages impressed around 
it. In the usual methods of star-mesh transformations the mesh to be 
eliminated may have a mutual inductance only with its neighboring 


meshes and may have no impressed voltages. 


Fic. 10.3.—Network to be Reduced 


(b) Let for instance twelve coils be interconnected into four 
meshes as shown in Fig. 10.3. 

Before interconnection the components of the impressed voltage 
vector e and impedance tensor z are 
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1} 2, 
2} jai | | | | | | f fF fT 
3s} | fai | | t tl El UP 
Ps ee ae (ile 7 Ve ee Fs ee a 
s|} | | | {ai | | | | ff! 
z=6f | | | | {ai | | | | ft 
7) | | | | | fa} | + Tf 
sf | | | | | | fal | Ff of 
of | | FT ft ft f tf fat fot 
wo) | | | | | Ff yo fapt fF 
11 a ee ae ee eg 
as 
10.51 10.52 


The transformation tensor is 


jl = 4 , | 
2 => 2 
re 3 
f= f— 2 4 
> = 7 5 
jo = qe — je 6 
7 =i? C= , 10.53 
gs =—j¢ 3 
72 = qe — 42 9 
10 = 4a 10 
gil = — qe il 
gi2 = — 7d 12 


After interconnection the impressed voltage vector e’ and the 
impedance tensor 2’ are found by C,:e and by C,°z°C as 
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10.54 10.55 


(c) Eliminating the last row and column by equation 16.18, namely 
by Zi — Z2°Zq 1° Z3, then 
d 


0 


re re eee 


Zo*%,) = bl — Z7/(Z7 + Zy + Zio + Zi2) 


——eee ee ee 


— Z£9/(Z7 + Zo + Zi10 + Zi) 


emma | angen ge rere ron aE RY AT ST RNR | 


O | (27)7/(Z7 + Zo + Z10 + Zi2)| Z7Z9/(Z7 + Zo + Z10 + 212) 


eel een kta ees Oe 


O | 27Z9/(Z1 + Zo + Z10 + Zia) | (Z9)?/(Z7 + Zo + Z10 + Z12) 


a b Cc 
— Z4 — 26 


Zoa+Z44+ 254+ 27 


(27)? ma 


7 “47 + Zy + Z10 + 712 10.56 


~~ Zr + Zo + Z0 + Zn 


Zoe t+Zs+ Zy9 + Zi1 
_ (Za)? 
Z1+Z9+2Z0+ Z2 


_ ZZs 
Z1 + Zo + Z10 + Z12 


The reduced impressed voltage vector, by equation 10.19, namely 
by e1 — Z2°2%, | * 2, is 
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[~— 27/(Z7 + Zy + Z10 + Z12)] (€10 — e9) 
{[— 29/(Z7 + Zo + Z10 + Z12)] (e109 — e9) 


The reduced network corresponding to the reduced z’ and e’ is 
shown in Fig. 10.4, where Z = 
Z7 + Z9 + Zio + Zi. 
(d) Now when z' is considered as 
a compound 2-tensor, the elimination 
of one row and column from the 
compound tensor 1s the equivalent of 
eliminating several meshes at a tame 
by a multiplictty of star-mesh trans- 
formations. The meshes that are 
simultaneously eliminated may 
Fic. 10.4.—Star-mesh Transformation have mutual inductances with one 
another and with the other meshes; 
also they may have voltages impressed around them. 


XV. THE IMPEDANCE BETWEEN TWO POINTS 


(2) Quite often the problem is to find the impedance of an n-mesh 
network between two points. In such problems it is advantageous to 
tntroduce an additional mesh by impressing a voltage e: between the 
two points (or junctions) and by assuming the current 7 in this impe- 
danceless branch as the first variable. 

As a result the equation e = z -icontains n + 1 rows and columns. 
If the last n rows and columns of z are eliminated (either in one or in 
several steps), the remaining scalar is the impedance of the network 
between the two points. 

(5) For instance, let the impedance of the five-mesh network of 
Fig. 10.5 be found between junctions A and B. (There are 12 coils, 
8 junctions, 8 — 1 = 7 junction-pairs; hence there are 12 — 7 = 5 
meshes.) The junctions A and B are interconnected to form a sixth 
mesh. 
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Assuming six variables (the first one z' flowing in the branch 
connecting A and B), the currents flowing through each coil are shown 


19203¢ge8oG 
—»> 


Fic. 10.5.—Impedance Fic. 10.6.—Currents in Indi- 
between Two Points vidual Coils 
A~-B 


in Fig. 10.6. Equating the old and the new currents flowing in each 
coil, the transformation tensor is 


2s 45 

Pe =11+ 42+ 8+ 4 + 75 4 716 
4q¢ = 141 4+ 72 + 44 + 75 4 76 
44 = 341 + 45 +4 76 
wal + 72 + 43 + 7 + 78 
iv = 3 


H= 2 448 


it = it 4 48 
Hei 4+242 


42 


e. 
3 
ll 


4% 


@. 
3 
ll 


10.58 


The impedance tensor z of the primitive network contains thirteen 
rows and columns, the last row and column p having all zero compo- 
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nents. Assuming all equal impedances Z without any mutual wmpe- 
dances, the z’ of the network is, by C;-z+C 


= 10.59 


Eliminating the last three rows and columns by z,; = Z1 — 
Z2° Za Ps 23) 


Eliminating again the last two rows and columns by the same 
formula 


0.4165 |—0.2083 
4-19-16] 1.6] -}—— ; =0.833Z=3Z 
—0.2083 | 0 4165 


10.60 


Hence, if the impedance of each border of the cube is Z, then the 
impedance of the whole cube measured across the diagonal axis is 3 Z. 
Of course because of its symmetry, this particular example can be 
solved much more quickly by simple inspection. 

(c) If the impedance of a network as viewed from several sets of 
points of entry is wanted, then each set of points of entry is short- 
circuited and is considered as an additional mesh. From the calcu- 
lated impedance tensor z’ all rows and columns are eliminated except 
those of the additional axes. The remaining z’”’ represents the self- 
and mutual impedances of the network as viewed from the points of 
entry. 


XVI. n SIMULTANEOUS EQUATIONS WITH k VARIABLES 
(a) In the equations hitherto considered it was assumed that: 


(1) Z is square; (2) the inverse of the diagonal matrices z:, 24, etc., 
can be calculated. 
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However, quite often linear equations e = zi occur where there 
are: 
1. More variables than there are equations, such as 


= FE e = 2;°i! + 22°i? 10.61 


2. Fewer variables than equations 


In these cases z is a rectangle instead of a square. 

3. Also it happens with square or with rectangular z that only 
a component matrix Z; with a small number of rows and columns has 
an inverse, as in 


e; = 2; °i! 
10.62 
@2 = 73° i! 


@, = Z, °i! + Ze ° i? 
10.63 
@2 = 23° i! + 7% ° i? 
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(6) In all these cases the set of tensor equations can be solved only 
for i! (assuming that only z; hasaninverse). Even then it is expressed 
as a function of i?, so that the components of i? may assume arbitrary 
values. 

If z1 contains no more than the maximum number of rows and 
columns which will permit the calculation of its inverse (its determinant 
being different from zero), this maximum number is called the ‘‘ rank ”’ 
of the matrix z. The equations should be rearranged so that the 
matrix Z; with the maximum rank is in the upper left-hand corner 
of z. 

(c) The solution of the above three cases is 


(1). e = Z,°i! + 22° i? 
ii = zy!-(e — ze-i?) 10.64 
(2). : 
@o = 73 °1 
e; = 2, °i! + 22° i? 
(3). 


€2 = Z3 i) + 24° i? 


i} = Zz; $*(e1 — 29°i") 10.66 


If this value of i! is substituted in the second equation to solve 
for i? as 
+ -1 —1 -1 er | ’ 
i? = (% — Z3°Z,  ° Z2)~!(e2 — 273° 2; ° C1) = 2 8 


in the numerical calculations z4’ comes out to be zero. 
Of course, other cases are possible. 
(d) As an example let e = zi be 
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The determinant of z is zero, as is any three-rowed determinant of 
z. However, the determinant of the upper left-hand corner matrix is 
not zero; hence the rank of 21s two. Therefore, by equation 10.66 


i} = zy'+ (e; — 22° i?) 


Ps 1 | -1/2 1+s+ 6w 
—j = it eee —— ——| 10.68 
y —1/2| 3/8 2+ 22+ 8w 1/4 + 32/4 


Hence the solution is x = 2w and y = (1 + 2)/4, where w and s 
may assume any arbitrary values. 


CHAPTER XI 
THE THEORY OF ‘‘GROUPS ” 


I. PROPERTIES OF THE TRANSFORMATION TENSOR 


(a) The transformation tensor C2. differs in physical interpretation 
from all other tensors that occur in the analysis of physical systems, 
such as éq, Zag, 2*, etc. Whereas other tensors represent some definite 
property of the physical system itself, the transformation tensor C 
represents certain operations performed on the system, certain changes 
made in the point of view. Zhe transformation tensor C% is not a part 
of the system as 2a¢ OF €a is, and it does not occur explicitly in its equation 
of performance. Certain transformation tensors may be represented 
physically by the pieces of conductors that interconnect the various 
impedances but by themselves have no impedance and contribute 
nothing to the power or energy of the system. They represent only 
the reference frame along which the currents are made to flow. 

(5) Because of their different physical significance, the various types 
of transformation matrices form a separate class in themselves. They 
belong to a new type of aggregate, called a ‘ group.'’ That is, each 
transformation matrix is one element of a “ group ’’ of transformation 
matrices, in addition to being an element of a “ transformation 
tensor.” 

By virtue of the fact that transformation matrices belong toa“ group ”’ 
they are endowed with certain properties that other set of n-matrices 
(that do not belong to a “ group ’’) do not possess. 

The study of one of these special and additional properties is the 
subject matter of this chapter. There are, of course, other properties 
in which the transformation tensor differs from other tensors. 


Il. THE THEORY OF GROUPS 


(a) The “‘ theory of groups” is a new type of algebra in whtch the 
entities A, B, C--:- of a “ group” are subjected to one operation only. 
The result of this operation is an entity which also belongs to the same 
group. The operation will be denoted in general by a dot as A-B = C., 
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In ordinary algebra the entities a, 6, c are subjected to several 
operations, such as addition, multiplication, division, etc. Because of 
the large variety of manipulations cxisting in ordinary algebra, the 
entities a, b, c that are manipulated are restricted to a rather narrow 
held. They are usually single numbers like 5, 7, 2 + 3/, x1y"1, ax + y, 
etc. However, in the theory of groups the number of operations is 
restricted to ove, hence the entities A, B, C are of a far greater variety 
than in ordinary algebra. They may be, of course, single numbers, 
like 5, 7, etc., but they may also be n-dimensional matrices or still 
more abstract entities like “‘ rotations "’ or ‘' permutations ” or ‘‘ trans- 
formations,” etc. 

(b) It may be mentioned that the “ algebra of 2-dimensional 
matrices ’’ as developed in the first two chapters of this volume may 
be looked upon as still another type of algebra in which the entities 
are of a greater variety than in ordinary algebra (being a “ set ’”’ of 
numbers arranged in a row, or a square, or a cube, etc.), but the 
Operations on the entities are more restricted than iu ordinary algebra 
(division is excluded, also in 2 product A+B the factors cannot be 
interchanged, etc.). The “algebra of n-dimensional matrices ’’ lies 
between “ordinary algebra’ and “ the theory of groups.’’ There 
are, of course, numerous other types of algebras. 

It may be shown that, as the number of operations allowed on the 
entities is successively restricted, the field of concepts from which the 
entities are selected successively widens. If no operation at all is 
allowed on the entities, their variety becomes still greater. 

When the entities of a group are all the possible transformation 
matrices C;, Cy, Cs ---, the single operation that is allowed on them is 
multiplication C, > Co in the sense of Section XII, Chapter I. Other 
n-matrices besides the transformation matrices may also form a group. 


II. DEFINITION OF A ‘‘GROUP” 


(a) Not all aggregates of entities that are subjected to a single 
operation can form a“ group.”’ Zhe entities and the operation they are 
subjected to must satisfy four conditions tn order that they should form a 
“ group.’ These four rules, which are satisfied by all transformation 
matrices C, are as follows: 

1. The product entity C of any two entities A - B must belong 
to the same group. This is called the ‘ group property." That is, 
C3 formed by C, + Ce belongs to the same group. 

2. In the product of several elements A-B-C the multiplication 
may be performed in any order as A-(B-C) or as (A:B)-C. This is 
the “ associative law.” 
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3. One of the elements of the group is the ‘‘ unit element"’ I, so 
that multiplication with it leaves any element unchanged. (See 
equation 1.5 for the definition of the unit matrix I.) 

4. Each element A hasan “ inverse '’ element A~! = B also belong- 
ing to the group, so that the product of an element A and its inverse 
A-! is the unit element, J. (See Section XVI, Chapter I, for the 
calculation of the inverse transformation matrix.) 

| When the elements do not have an inverse and so the last condition is 

_not satisfied, the group is called a “ semi-group."’ Many theorems of 

the theory of groups apply also to semi-groups. 

‘ (6) The last three of these conditions are satisfied by square 
matrices in general, hence also by square transformation matrices. 
The associative law applies to their multiplication, the unit matrix I 
exists and most square matrix A has an inverse A~!,so that A+ A-! = I. 
However, the first rule does not apply in general to matrices, since for 
instance two impedance matrices Z, and Zz cannot be multiplied together 
in general. It is chiefly the first rule which differentiates entities that 
belong to a group from other entities that do not belong, and for this 
reason entities that obey the first rule are said to have the “‘ group prop- 
erty.’ Such entities are the transformation matrices C, whether singular 
or non-singular. A detailed study of the first rule, the “‘ group prop- 
erty,” is the subject matter of this chapter; the last three of these 
rules have already been studied in connection with the transformation 
tensor C. 

(c) There is an extensive mathematical literature on the theory 
of groups. In the last decade it has found wide applications in 
crystallography, in atomic structure, in quantum dynamics, and in 
many other fields. The importance of the concept of “ groups ’’ may 
be seen, for instance, from the fact that the transformation matrix C 
of a network alone contains a surprising amount of information about the 

| properties and behavior of the network, without even establishing any other 
tensors, such as the e vector or the z tensor of the actual network. Ina 
subsequent chapter on the synthesis of networks it will be shown 
that by simply knowing the transformation matrix C of a network 
(and the impedances of its tndtvidual coils) it can be foretold that the 
network has, for instance, a desired response at all frequencies, or that 
the network supplies constant currents at all loads, or that it supplies 
various currents at constant potential, without actually establishing 

z' of the network and examining it for its performance characteristics. 

That is, the basic characteristics, the skeleton of the performance of a 
i dynamical system, is completely incorporated in the transformation 
‘ tensorC. The other tensors simply supply the flesh and blood, but do not 
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change the basic qualities of the performance. The exclusiveness of the 
transformation tensor C as an aristocratic member of the society of 
tensors is clearly shown by the fact that the transformation tensor C 
does not even appear in any equation of performance of a dynamical 
system. It keeps itself aloof from the plebeian pick and shovei work 
of the various types of performance calculations. 


IV. EXAMPLES OF FINITE GROUPS 


(a) The number of elements that form a group may vary from a 
few toinfinity. According to the number of elements in a group, they 
divide into two classes: (1) “‘ finite groups,’’ and (2) ‘“ infinite groups.” 

An example of a “ finite group” is the collection of the following 
four entities: 

1. Rotation through 90° = A. 

2. Rotation through 180° = B. 

3. Rotation through 270° = C. 

4. Rotation through 360° = D. 


The four entitics A, B, C, and D form a group, the so-called 
‘‘ rotation group,’’ since they satisfy the four rules: 

1. The product of any two rotations as B-C is the rotation A 
(rotation through 90°). Or B-C =A. 

2. The rotations may be performed in any order, the final angles 
of rotation being the same. 

3. There is a unit element D that leaves all rotations unchanged as 
B-D = B. 

4, Each rotation has an inverse. For instance, the inverse of C 
is A, since C:A = D = unit element. 

(6) Another example of a “ finite group"’ is the group of all trans- 
formation matrices C;, C2 --- that leave a particular n-mesh network 
unchanged but change the variables to different m branches (such as 
shown in Section IV, Chapter VI). There are only a finite number 
of ways in which the variables may be selected in an n-mesh network. 

Another example of a ‘‘ finite group "’ is the group of all transformation 
matrices Ci, Co, Cs --+ that change a particular n-mesh stationary net- 
work into any other n-mesh network. There are a large (though not 
infinite) number of ways to change an z2-mesh network into other 
n-mesh networks. 

(c) An example of a “ semi-group "’ is the group of all transforma- 
tion matrices that changes a network with 2 coils into other networks 
with different number of coils. None of these transformation matrices 
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has an inverse. Examples of semi-groups will occur in Chapter XXIII 
in connection with the synthesis of networks. 


V. EXAMPLES OF INFINITE GROUPS 


(a) Of the many important examples of infinite groups are: the 
procedure of impressing electromagnetic quanitties on a network, the super- 
position of geometrical configurations upon a space (or chains upon 
cells). There is an infinite variety of these procedures, but they all 
satisfy the four group conditions, if the operation performed upon them 
is addition. ‘That is, using impressed voltages as examples: 

1. Impressing two voltages in succession is also equivalent of 
impressing a voltage, e; + e2 = e3. 

2. The resultant voltage is independent of the manner of grouping 
e:1 + €2 + e3 = (e1 + ee) + 63, etc. 

3. There is a unit element eo that leaves the network unchanged. 
In this case €o is zero. 

4, Each impressed voltage e has an tnverse, —e, so that the product 
of the two (which in the present example is an addition), e — e, gives 
the unit element, eo. 

(6) Another example of an “infinite group” is the group of all 
transformation matrices C;, Co --- that introduce hypothetical currents 
as variables instead of the actual branch currents. Such hypothetical 
currents are the “load ’”’ and “ magnetizing currents.” Although it 
is possible to introduce an infinite variety of hypothetical currents, 
still the interconnection of the coils puts a certain limitation upon the 
relation between them. 


6 


VI. SUBGROUPS 


(a) When all the elements of a group belong also to another group, 
then the first group 1s said to be a “‘ subgroup”’ of the second. For 
instance, the elements of the finite group changing the variables in the 
branches of a network belong to the finite group changing also the 
interconnections of the network, being only a special case of the 
latter. That is, the group of transformation matrices changing the 
branch currents is a “‘subgroup’”’ of the group of transformation 
matrices changing also the interconnections of networks. 

The group of transformation matrices changing the interconnection 
of networks is itself a subgroup of the group of transformation matrices 
that change the interconnections of rotating machinery with stationary 
reference axes. In turn the latter are a subgroup of the so-called 
“* group of linear transformations,'’ and so on. 
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(6) The various types of groups are usually denoted by the letter G 
with a subscript as G), G2---, etc., the subscript denoting what 
particular group is meant. In this volume the following ‘‘ groups" of 
transformation matrices have hitherto been introduced: 

1. G, = All C that change the interconnections of the various coils; 
that is that change an n-coil network into another 2-coil network. This 
C may be called the “ connection tensor.”’ 

This group of transformation matrices forms the basts of all network 
studies, since tt represents the codification of Kirchhoff’s laws. 

2. G, = All C that leave the interconnections unchanged but 
change the currents from one set of branches or meshes to another set. 

The components of all transformation matrices belonging to these two 
groups are always integers. These groups are related to the so-called 
 Bettt-group"’ used in Topology. 

3. G, = All C that represent permutations of the axes. 

4. G, = All C that change the number of turns of the coils. Their 
components are rational numbers. 

5. Gm = All C that change actual currents to magnetizing and load 
currents. 

All these groups are ‘‘ subgroups ”’ of the following groups: 

6. G, = All C that may occur in network studies, having real 
components only. 

The group of real transformations that occur in network studies 
are of a limited type. They form a subgroup of a larger group called 

7. G, = The group of “ linear transformations" or “ affine trans- 
formations."" The components of C belonging to this group are any 
real constants (integers, fractions, irrational numbers). 

The latter group in turn is a subgroup of 

8. G,; = The group of all functional transformations in which the 
components of C are functions of the variables. 

The groups G; and Gp also include the ‘ sem1-groups "’ of those C 
that have no inverse. In G, the number of meshes after interconnec- 
tion may be less than before interconnection, in G» the magnetizing 
current may be neglected. The semigroups will be denoted the same 
way as the corresponding groups. Each group of transformation 
matrices forms a tensor. 

It is emphasized that each time a group of real transformations are 
introduced they form only a subgroup of the group of real linear or 
‘“‘ affine ’’ transformations. That is there are many affine transforma- 
tions that have no meaning in network studtes. 

In addition to the groups of real transformations there occur 
groups of transformations in network studies whose C contains complex 
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components instead of real components. Such transformations are 
shown in Chapter XIII. 


VII. TRANSFORMATION, INVARIANCE, GROUP 


(a) Due to the large variety of ‘“‘groups’’ of transformation matrices 
that may exist, whenever an invariant equation 1s set up as being “invarti- 
ant” under a‘ group” of “ transformation matrices,’ 1t is extremely 
tmportant to define the ‘‘ group"’ of transformation matrices that are 
understood, since an invariant equation that 1s invariant under one group, 
4s not invariant under another group. For instance, the equation 
€a = Zagl® is valid for a network only if the interconnections of the 
coils do not vary in time. If they do vary, the equation does not hold, 
and the equation is not invariant under the latter group Gy. 

ITence the three words: (1) ‘ transformation,” (2) ‘ invariance ” 
and (3) “ group” always occur together in one phrase, as for instance: 
“The power input e- i = P is an tnvariant under the group of trans- 
formations Gn. 

The concept ‘‘ transformation ’’ need not necessarily be expressed 
with the aid of a “‘ transformation matrix C” asi=C-i’. Itisa 
much wider conception than the C. A “ transformation "’ that may 
be expressed with the aid of a transformation matrix C is a highly 
specialized one. Hence the accepted phraseology uses the “ group of 
transformations G "’ instead of “‘ group of transformation matrices G ”’ 
in order not to restrict the form of transformation. In this volume 
“transformation "’ will mean “transformation of the variables ”’ 
(i or E.) with the aid of C%. or C2. 

(6) It is possible to introduce a set of transformation matrices C 
which leave the form of an equation invariant, but the C’s do not form 
a “‘group.’’ It is also possible to introduce a set of C’s that form a 
group, but these C’s do not leave a linear or quadratic form “ invari- 
ant.’’ In these cases one of the three concepts 1s missing and the study 
of such transformations ts not tensor analysis, since among other require- 
ments the concepts of “ covariance " and “ contravariance ’’ cannot 
be introduced. 


Vil. THE ‘*GROUP PROPERTY” 


(a) In Chapter VI several types of transformation tensor C were 
introduced, each of which changes the system set up or the point of 
view employed. For each change C the various tensors have been 
separately calculated with the aid of the transformation formulas. 

However, in many engineering problems not one but several types of 
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changes are assumed simultaneously. For instance, in a multiwinding 
transformer system the windings may be subjected to four changes 
simultaneously : 

1. The number of turns are changed. 

2. The windings are interconnected. 

3. The magnetizing currents are neglected. 

4. Symmetrical components are introduced. 


Or, as another example, in a direct-current machine the conductors 
in the slots are subjected to several different types of transformations 
simultaneously, in particular: 


. The conductors are connected into coils. 

. The coils are connected to the commutator bars. 

. The commutator bars are interconnected by the brushes. 
. The brushes are interconnected into circuits. 

. The equalizer rings introduce additional current paths. 


in hm G RN 


(6b) In the usual analysis of engineering problems, these simul- 
taneous changes rarely, if ever, are separated and handled individually. 
All non-tensor methods of analysis attempt to take care of all changes 
simultaneously, without separating them into successive steps. 

Now, 1¢ is possible to set up a transformation matrix C;, C2 +--+ Cy 
for each of these component changes, and the transformation matrix C of 
the resultant change 1s found by taking the product of the individual 
changes, as 


C = Cy-Ce-Cz eee C. | ’ a = ¢.* Con 11.1 


This formula is valid since each transformation matrix is an element 
of the group of linear transformation G; and their product is a trans- 
formation matrix which also belongs to the group G;. It may be 
shown that this formula is valid even tf several or all of the transformation 
matrices are singular (rectangular, not square) since this formula 
represents the so-called “‘ group property ’’ which is satisfied by the 
elements of a semi-group also. us 

This last formula serves as a powerful labor-saving device in the 
analysis of complex engineering problems since 1t enables the engineer 
to subdivide the ‘‘ method of analysis ”’ itself into several steps and develop 
each step as tf the other steps were absent, then to recombine the individual 
steps into one resultant step. oi 

(c) It is interesting to note that the ‘‘ group property "’ of the 
process of impressing voltages, shown in Section Va (namely, the 
possibility of impressing several voltages and calculating their effect 
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separately as if the others were absent), has been used in electrical 
engineering under the name “ superposition theorem.’’ Hence the 
process of dividing a transformation into a whole series of successive 
transformations is equivalent to another type of superposition theorem. 


IX. THE SUBDIVISIONS OF COMPLEX PROBLEMS 


The labor-saving devices previously introduced, that enable the 
engineer to subdivide his complex problems into several independent 
problems, each having fewer complexities, may be separated roughly into 
three classes. Assuming a large number of analogous systems to be 
analyzed simultaneously: 

1. The concept of geometric objects enables the engineer to sub- 
divide his whole physical system arbitrarily into several independent 
component physical systems, each having either different types of 
geometric objects or just different types of performance. For instance, 
any portion of a network may be detached and analyzed separately. 
Or a transmission system may be arbitrarily divided into rotating 
machines, multiwinding transformers, transmission lines, and each 
subdivision may be analyzed separately as if the others were absent, 
then finally recombined into the original system. 

2. The concept of transformation tensors enables the engineer to 
subdivide each of his great number of analogous physical systems 
into two analytical parts: 

A. Those parts that are zdentical for all systems, like Zag. 

B. Those parts that are different for each particular system, namely 
Cate 

The establishment of the matrix Co. for each particular system 1s 
practically the only step that requires analysis on the part of the engineer 
in setting up the equations of performance. 

3. The concept of group property enables the engineer to subdivide 
the analytical part of his work, namely the establishment of C%., arbi- 
trarily into several independent steps, each step having its own method 
of analysis. 

The physical and analytical subdivision of a group of problems 
into a series of simpler problems, and their recombination into the 
original group of problems, is made possible only by the introduction 
of the concept of a “ group ” of transformation matrices CZ... With- 
out its use: 

1. Each physical system must be analyzed separately from the 
ground up as if the analogous systems had not been analyzed. 

2. The physical system must be analyzed as a whole except in very 
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simple cases where the transformation matrix C would usually become 
the unit matrix. 


X. TYPES OF SUBDIVISIONS OF C 


The subdivision of the transformation matrix C into the product 
of several transformation matrices C,, C2--- may be prompted by 
various types of considerations: 

1. The problem itself automatically subdivides the transformation 
matrix into two or more steps. 

For instance, in a transformer system the division of the transfor- 
mation into two steps: 

A. Interconnection of coils by C; 

B. Neglect of magnetizing currents by Ce 
is made self-evident by the fundamental difference in the nature of 
the types of transformation. 

Another example of an automatic subdivision of C is that of an 
armature winding of a direct-current machine, as shown in Section VIT. 

2. The transformation matrix may cover only one type of trans- 
formation, but it may be so complicated that, to avoid confusion, it 
may be set up in several steps. 

For instance, in a complex network it is possible to interconnect 
first, say, those coils that form branches by series connections and set 
up C; for this step. Then the branches are treated as single coils and 
are interconnected by Ce into the final network. Their product C; + Ce 
is equivalent to setting up C in one step. The final interconnections 
may be set up in three or more steps if so desired. In rotating machin- 
ery this division is often used to avoid confusion. 

3. The transformation may be of one type, and it may Ix: simple 
to establish C in one step, C 7s divided nevertheless into Ci + Cz --: for 
analytical reasons. 

For instance, it may be found that the product C;°z °C is calcu- 
lated much more quickly if it is performed in several steps as 


Ci°z°C = (Cor* Cit) +z (Ci + Co) = Co,° (Ci,° 2° Ci) * Co 11.2 


That is, first z 1s multiplied twice by Cy as Cit*Z* Cy = 2’ and then 
twice by Ce. Such cases occur, for instance, in armature-winding 
reactance calculations, where the establishment of the resultant C is 
quite simple, but the matrix of z ttself may have several hundred rows 
and columns and is imperative to reduce it quickly to a matrix with 
few rows and columns. 

It is emphasized that a transformation matrix C may be subdivided 
for the purpose of analysis into a product C; ° C2 ° C3 -->+ arbitrarily 
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even if C; or Co, etc., do not correspond to any physical set-up or even 
hypothetical division. The subdivision may be purely analytical. 


XI. MULTIWINDING TRANSFORMER SYSTEMS 


(a) Examples of networks whose analysis requires the application 
of at least ‘wo transformation tensors are the numerous types of multi- 
winding transformer systems. Their resultant transformation tensor 
is the product of the following two component transformation tensors: 

1. Cy showing the manner of interconnection of the windings into a 
mesh network. It is set up in exactly the same manner as any other 
mesh network. 

2. Co showing that the magnetizing current of each closed magnetic 
circuit is neglected. It is set up in the manner shown in Section X, 
Chapter VI. 

The resultant transformation tensor C ts 


| C = Ci-C, | 11.3 


(6) To neglect the magnetizing currents, first the equations of 
constraints are set up in terms of the mew currents i’ existing after 
the interconnection, making the sum of the m.m.f.’s around each 
closed magnetic circuit zero, then they are expressed in the form 
i’ = Co-i’’, where C2 is a singular matrix containing as many less 
columns than rows as there are equations of constraints. 

Since it is not so easy to set up the equations of constraint in terms 
of the currents i’ existing after the interconnections, 7¢ 1s easter to set up 
the equations of constraints first 1n terms of the old currents 1 existing 
before interconnection, then to replace the old currents by the new cur- 
rents from the relation i = C, -i’. 

Hence the transformation tensor Co neglecting the magnetizing cur- 
rents 1s set up in three steps: 

1. The equattons of constraints are set up tn terms of the old currents i 
with all interconnections removed. 

2. The old currents are replaced by the new currents from i = Ci °i’, 
thereby expressing the equations of constraints in terms of the new currents. 

3. The resultant equations of constraints are replaced by the relation 
i’ = Co° i”. 

(c) There is one other difference between the analysis of trans- 
former systems and other general network. In general static networks 
the design constants of the coils of the primitive network consist usually 
of the self-tmpedances Zas, Zo», etc., of each coil and of the mutual 
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tmpedances Z, Zea, etc., between any two coils. However, in multi- 
winding transformer networks, where the magnetizing currents are 
neglected, design constants of a new type are used for the primitive 
transformer, the so-called ‘‘ leakage-impedances"’ between two coils, 
Za-». They are also called ‘‘ through-impedances " or ‘‘ bucking impe- 
dances,” etc. In terms of these design constants the final equations 
have a simpler form. 

Of course it does not make any difference in the use of the formulas 
what type of components the impedance tensor z of the primitive net- 
work has or in what manner the resultant transformation tensor C is 
set up. The impedance tensor z’ of the resultant network is still 
found by C,+z-C, the voltages induced in the individual windings 
by z*C i’, and so on. 


XII. IMPEDANCE TENSOR OF THE PRIMITIVE TRANSFORMER 


(a) Let two single coils, each with one turn, be connected in opposing 
series. If the self- and mutuai impedances of the individual coils are 
211, 222, and 2,2, then the resultant impedance of the two coils in oppos- 
ing series is 

21-2 = 211 + 222 — 2212 11.4 


This impedance is called the ‘ leakage impedance’ between the two 
coils. 

It is possible to say that the “ self leakage impedance ’’ of each 
coil is zero, while the “‘ mutual leakage impedance ’’ between the two 
coils is —2,-2/2. The negative sign occurs because the flux due to 
one of the coils opposes the flux of the other coil. The 3 occurs because 
the voltage induced in one of the coils is one-half that induced across 
both coils. 

(6) Hence, when x coils exist on one transformer core, each coil 
with one turn, then in terms of self and mutual leakage impedances 
the mpedance tensor of the multiwinding transformer ts 


| 21-2 |] 21-3 


21 21-2 22-3 


Ce apanmioes | CRE | En fee ee | Gee yeretmemte | 


z1 =— 1% X 3] 21-3 | 20-3 an 11.5 


Di Zi-n | Z2-n | 23-n 
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It should be noted that all diagonal components are zero. Also the 
presence of —% should be noted, being a factor of each component. 

(c) When each coil has a different number of turns, the mutual 
leakage impedance of two coils will be defined as 


The presence of — 3 should be noted. 

In terms of these actual turn leakage impedances the wmpedance 
tensor of a multiwinding transformer with isolated windings (the ‘‘ prim- 
itive transformer '’) 1s 


0 | Z1-2|Z1-3 
Zi-2} O | Ze-3 
Zz Z1-3 22-3 0 ie ot 11.7 


Zi-n Zo-n Z3-n 


having all zero components along the main diagonal line, and containing 
fewer design constants. 

This 1mpedance tensor z will be assumed 1n the following pages as the 
impedance tensor of the ‘' primitive multiwinding transformer "’ when its 
magnetizing current ts to be neglected. Each component is defined in 
equation 11.6. 

(d) The actual mutual impedance Z23 between two coils is defined 
in terms of single-turn impedances as 


223 = N2N3223 


If these actual impedances are used in place of leakage impedances, 
then z of equation 11.7 contains no zero components, and it also 
contains ” more design constants. 


XII. ANOTHER DEFINITION OF LEAKAGE IMPEDANCE * 


(a) In general practice it 1s customary to assume one of the windings 
as a reference winding, say coil one, whose number of turns is m, and 
define the mutual leakage impedance of two coils as 


Z'o-3 = 11m (222 + 233 — 2223) (11.8) 


It should be noted that this definition assumes that all coils have mn 


turns. 
* This section may be left out at the first reading. 
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In terms of these equal turn leakage impedances the impedance 
tensor is 


(b) It is possible to pass from the tensor (11.9) to the tensor (11.7) 
by the transformation tensor 


11.10 
so that 
11.11 
since by equations 11.6 and 11.8 
, 1 a 2 
Z2-3 = 22-3 (5) la or 22-3 =—— Z2-3 ait 11.12 
2/ mn N2N3 


Hence it may be assumed that the impedance tensor 2 of the primitive 
multiwinding transformer is either equation 11.7 or equation 11.11. 
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The first tensor contains the actual turn leakage impedances Z2_3, the 
second tensor contains the usual equal turn leakage impedances Z3_3. 

(c) It is possible to use other types of leakage-impedances in place 
of Z3_3 and Z2_3. However, they are not considered here. Of course 
z may contain also the usual self- and mutual impedances Z22, Z23, etc., 
in place of the leakage impedances Z2-3, etc. But whatever compo- 
nents are used for Z, the following analysts is equally valid for all types 
of components. 


XIV. FORKED AUTOTRANSFORMER 


(a) As a simple example, consider the three-winding transformer 
of Fig. (11.1@) whose three coils a, 5, c, and the load d are connected 


ec be 


(c) Primitive network 


(2) Forked autotransformer (6) Connection diagram 
Fic. 11.1 


into a two-mesh network as shown in the conventional diagram of 


Fig. 11.10. 
The impedance tensor of the primitive network Fig. (11.1c) is 


11.13 


containing leakage impedances (any other actual or leakage impe- 
dances may be used). 
Its impressed voltage vector is 


a b Cc 


0 | 0 0 11.14 


(b) The transformation tensor Ci, representing the 1nterconnection, is 
set up by equating the old and the new currents tm each cotl of Fig. 


(11.18) as 
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a’ — sib’ 
42 a q2’ + 45’ 
qo = 42’ b 
i _ pp Cy - 11.15 
j4 = 7b d 


(c) The transformation tensor Cz, neglecting the magnetizing current, 
is set up as follows: 

1. The m.m.f. around the transformer is made equal to zero. ‘he 
currents of the primitive network, that 1s the currents flowing before the 
interconnection, are used instead of the new currents, so that 


Nat? + ny’ + n° = 0 11.16 


This is the equation of constraint in terms of the old currents 
2. In the equation of constraint the old currents ure replaced by the 
new currents by equation 11.15 as 


na(te’ + 2’) + m(2*’) + n-(—2*’) = 0 11.17 
or 
(ta + n)it + (ng — nt?’ = 0 11.18 


This is the equation of constraint in terms of the mew currents. 
3. Eliminating one (any one) of the new currents 
*nf Ne — Na. ’ 
iv’ = ——___— 7 11.19 
Na + Nd 


4. Leaving the other currents unchanged, the equation of constraint 
of equation 11.16 1s replaced by the set of equationi’ = Cz ° i’ 


= 11.20 
1 


(d) The resultant transformation tensor C is 


a’ = — slob’ b” 
aj 1 b”’ ala+1 
CG = ‘|| .* |- : =C 11.21 
b’] 1 c ea 
(ae 
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The impedance tensor of the forked autotransformer is, by C;* z °C, 
b” 


z! = b”| 2(m + 1)nZa-» — 2(n + 1)Za-c — 2nZv~< +2] 11.22 


acting as a single impedance. 
The impressed voltage vector is by C;-e 


b’”’ 


The equation of voltage is e’ = z’ + i’’, from which the current is by 
z’-1.@! b” 


11.24 


(f) The currents flowing in the individual coils are by i = C- i” 
a b c d 


i=[@ +08" | nid” | eee ee | 11.25 


The voltages induced in the individual coils are, by z * C +i’, where 
z°C has been calculated in finding z’ 


al i?" (nZa-» — Za-) 
b] 2°''[(m + 1)Za-» — Zl 

"e] a'[(n + 1)Za-c + nZo~cl 
| #2 


11.26 


XV. LOAD-RATIO CONTROL AND REGULATING UNITS 


(a) As an example of several interconnected multiwinding trans- 
formers consider Fig. 11.2 where one three-winding and two two- 


Fic. 11.2.—Load-ratio Control and Regulating Units 


winding transformers are interconnected with a load into a four-mesh 
network. 
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(6) The impedance tensor of the primitive network is 
a b Cc d f g h k 


a Za-b | Zac 
b/ Za» Zo~-c 


Cc Lace Lo—e 


and its impressed voltage vector is 
a bcedfégihéik 
olololo]ojo{o 11.28 


€ =| €a 


(c) The transformation tensor of the four-mesh network, by equat- 


ing old and new current in each coil, is 
a’ b’ oc’ d’ 


42 = he 

eo= 2 

ie = i@’ 
jt —7" 

f= — ie" 

io = — je" 

ah sas 42’ 


t= qa’ 


(d) There are three equations of constraint, one for each transformer. 
In terms of the old currents flowing before interconnection (making 
the m.m.f. around each transformer of Fig. (11.2) equal to zero), 
they are 
Nt? + nyt? + nat = 0 
ng? + ni = 0 11.30 


Expressed in terms of the four mew currents flowing after inter- 
connection they become (by substituting equation 11.29) 
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Nat* + nyt?’ + NA? = 0 
—n,w’ — n*’ = 0 11.31 
not? + nt? = 0 


Three of the currents, say 1°’, 1°’ and 1°’, may be expressed tn terms of 
the fourth current 1* as 


4°’ = — (n,/n,)t* 
a’ =a — (ny/mg)i’ = (my/ma)(tn/1,)t” 11.32 
ia’ = — (n,/nq)i?’ — (n./N)i” = — 0 US a EO) oat 


Na Nang aq 


Hence the three equations of constraint may be expressed by the 
transformation i’ = Ce > i” 


a” 
jo’ = — (2% 4B) ser —( am Ne a’ 
Nhe Na Ne tha Ng Nd Ng Na 
pte BLT san . 
ie’ = ia qa’ c’ 
Ne 
gd’ = 4a’ d’ 
: : 11.33 
(e) The resultant transformation tensor is 
a’ b’ ce’ d’ 
a 
b a”’ 
a’ 
d b’ 
Ci°-C, = bd = = C 11.34 
f c’ 
g d’ 
h 
k 


(f) The new components of the impedance tensor are found by 
C,-z-C and those of the impressed-voltage vector by C;-e. 
a”’ 


a” 
to AQ’ —2nyneZa-o — 2n1Za-c + 2neZb—e — Peas 


The current 4“” is found by i’ = z’—! + @’, 
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(g) The currents tn the tndiwidual coils are found by i = C- i” 


(equation 11.34) 
a b Cc d f g h k 


” | ja” aps ja" | 2 ia” 


11.37 


ng i?” | —n31 


| qa’’ 


The voltage drops in the individual coils are found by z-C -i’’. 
(kh) Table 11.1 shows the component and resultant transformation 
matrices of some commonly used unbalanced transformer connections. 


ee ee tC ag 4' 3" as 
z a LNs LW] ! 
al [ij C= : 
n 
Ni emg! NO" sty ot hy 
nyn 
Hen NB" astm ena} eae 


SCOTT CONNECTION 36->20 
, w 4 


Id CE RD 
Nge(N3 Ns5-n1N¢)/D 
wf | | ta Na={ Ng Ng, Ng)/D 
EE , O= ns (ny+N2) 

TEE-TEE CONNECTION 
2' 3° 4' Ly 6' 2" 3 4" 5" 


mL [aft {| Nene iMgeatiNetnt 7 nome 
8 T { ft fafar{ | Nq®* = 3 “se Ari Mee Re 8 | of [tyes] 
OOUBLE-SCOTT CONNECTION 29+ 36 
TABLE 11.1.—Unbalanced Transformer Connections and their Transformation 
Matrices 
First column—C, showing interconnection of coils 
Second column—Cz neglecting magnetizing currents 
Third column—C representing their resultant 
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XVI. UNBALANCED INSCRIBED DELTA 


(a) Let the three three-winding transformers of Fig. 11.3 supply an 
unbalanced load. For greater generalization each winding may be 
assumed to be different (unbalanced three-phase multiwinding trans- 
former circuits will be worked out by a quicker procedure in Chapter 


ve 


oc 
| 


(a) Connection diagram (b) Actual connections 


Fic. 11.3.—Unbalanced Inscribed Delta 


XIX. This example of a slower process serves as a check on the 
quicker procedure). 


(6) The impedance tensor of the primitive network is 
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or expressed as a compound tensor 


11.39 


where Z-_2, etc., have diagonal matrices. 
(c) The transformation tensor of the interconnection Is: 


a’ b’ c’ a’ f’ g’ 


11.40 


(d) The equations of constraints in terms of the twelve old currents 


are ~ 
Nat?! + Nat?” + Na3t™ = 0 


Nyy 1?! + nyt? + p31? = 0 11.41 


nei?! + not? + n3i% = 0 


In terms of the six mew currents they are 
, Nait™ + Nagt* + Na3' = 0 
nyt + nytt’ + Na3t? = 0 11.42 


Neat” + ne2t”’ + 1.3t% = 0 
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Eliminating, say, 7°’, 7’, and 7’, the equations of transformation 
i’ = Co°i” are 


4% = —(ngo/nai) 1°’ —(naq/na1) 1" 


#’ = —(mpe/mo1) 1°" —(nag/no1) 1 
io = — (nc2/te1) ie” — (2¢3/me1) a 
se? a ie” 

if! if” 

ie’ ie” 


a”’ f’’ g”’ 
—ta2/nal | —1%q3/Mai 
—non/no1 
—3/Nel —Neo/ Nel 


1 


representing a 2-tensor with three rows and columns. The multipli- 
cation of their matrices has yet to be performed. 
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Assuming identical transformers, Z.,-.. = Z»,-», = Ze,--, = 21-2 
da” dd g”’ 


—2Z}-9—? + 229-3 — 
ni 


—2Z1_3 =? + Zag -- 
—2Z1-3 =? + Way = 
ni —Lye — Zee 
—ZLyy a Zef 


z' = f’’ 


11.46 


(g) If i” is calculated, the induced voltages are found by z:C- i”, 
etc. 

XVII. UNBALANCED VOLTAGES IN D-C WINDINGS 

(a) As another example where at least two transformation tensors 
C, and Ce have to be set up in succession to find the resultant C, 
let the generated voltages appearing between the six brushes of the wave 
winding of Fig. 11.4 be calculated when the excitation from one of the 
poles 1s removed. 

(b) The transformation tensor C for the six brush circuits I-VI 
(assuming brushes of infinitesimal thickness) is set up in threc steps. 

1. The effect of connecting the 126 coils into one continuous 
winding is shown by C; in Table 11.2. The winding has a coil pitch 
1-21 and a commutator pitch 1-42. 

The instantaneous position of the six brushes with respect to the 
commutator is shown along the left-hand column of C; representing 
their magnetic order. If a horizontal line is drawn from each of them 
until they reach + 1, then'a vertical line is drawn from +1 to the 
top of Cj, the position of the six ‘‘ reflected" brushes along the upper hort- 
zontal line shows their electrical order. That is, all coils lying between 
two reflected brushes are short-circuited by them. 

2. The effect of short-circuiting all coils lying between any two 
reflected brushes is shown by another transformation tensor C2 in 
Table 11.2 which indicates that the original 126 coils are connected 
into six coils. 
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A 


3. The product C; ° Co gives the actual transformation tensor C. 

Of course, the product may be found without the actual use of the 
arrow rule by simply writing in one column all +1 and ~—1 that lie 
between two reflected brushes. 
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Fic. 11.4.—A Six-pole Direct-current Wave Winding with 126 Coils 


(c) The generated voltage e represents the flux-density distribution 
along the six poles, shown along the left-hand side of Ci, also the instan- 
taneous voltage generated in each coil. 

The instantaneous generated voltage appearing tn the six brush cir- 
cutts 1s found by C,*e. When all poles are equally excited in each 
circuit the same generated voltage exists, but if one of the poles is 
unexcited, 1” each circuit a different set of coils remains unexcited as 
shown in the last column of Table 11.2. In the matrix the coefficients 
of the various columns have been factored out, so that the columns 
contain only 0, +1, or —1 (in some components where +1 and — 1 
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CHAPTER XII 


REACTANCE CALCULATION OF WINDINGS 


I. GENERALITY OF THE METHOD 


The reactance calculation of armature windings offers another 
example where the transformation tensor C is set up in several steps. 
It also illustrates how the concept of ‘‘ primitive network’ opens up a 
new and simple method of attack that has not hitherto been used in winding 
calculations. 

In all reactance calculations shown in the literature the method of 
attack consists of analyzing the resultant flux wave produced by the 
actual interconnected winding. For every different interconnection of 
coils the analysis has to be started all over again. Also, in general, 
various types of attacks are used for the calculation of the various 
types of reactances. To calculate harmonic reactances a Fourier’s 
analysis isemployed; to calculate air-gap reactances the area measure- 
ments are undertaken; still another method is used for the calculation 
of slot-leakage reactances, and so on. All these methods require a 
constant physical analysis to the end, and no part of the engineer’s 
work can be delegated to the computers. 

The method to be shown represents a radical departure from 
previous procedures in its method of reasoning, in its selection.of the 
design constants, and in the outward form of the final formulas 
arrived at. Of course it gives the same. numerical answer as other 
methods do. The final formulas come out in a tabulated form, so that 
the numerical substitutions can be performed with the aid of an 
adding machine. A large part of the calculations themselves may be 
done by a computer who knows how to multiply matrices but knows 
nothing about reactances. 

The method of attack is quite general. The slots may be unevenly 
spaced and may contain different numbers of coil sides; the coils may 
contain different numbers of turns, may have different pitches, and 
may be connected in any arbitrary manner into groups, the groups into 
phases, etc. The phases in turn may be connected in any desired man- 
ner to the line. The air-gap is assumed to be smooth, however, and 
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its non-uniformity has to be taken care of by the usual assump- 
tions. 
The reactances to be calculated are: 


. The fundamental air-gap reactance. 
. Any harmonic air-gap reactance. 

. That total air-gap reactance. 

. The slot-leakage reactance. 

. The end-leakage reactance. 


tin wm G NHN) = 


The same final formulas are valid for the calculation of all the above 
fe reactances. The formulas also do not change if the pitch, the 
number of turns of the individual coils, or the slot shape or air gap 
varies; hence the effect of any variation in them upon the winding 
reactances can quickly be evaluated. 

For the different types of windings, especially when several analo- 
gous types are analyzed simultaneously, various labor-saving devices 
can be introduced. Here only a general method of attack is given, but 
many of the steps may be left out in particular problems. 


Il. THE METHOD OF ATTACK 


(a) When any armature winding is given, the first step 1s to as- 
sume all cotl connections removed, so that only individual coils are 
left, representing the ‘' primitive '’’ winding. The self- and mutual 
inductances (or reactances) of the various coils will be denoted as 
A, B,C, D-+-. It will be assumed that these coil reactances represent 
any one of the five types of reactance mentioned in the previous section. 

Once the coil reactances A, B, C-++ are known, the following three 
steps are taken: 

1. Set up the components of the impedance tensor z along the 
individual coils. 

2. Set up the transformation tensor C of the coil connections. 

3. Find the components of the impedance tensor z’ along the 
actual windings by the formula z’ = C,*z-C, using the labor- 
saving method of ‘“‘ compound tensors’ if necessary, or any other 
suitable labor-saving device. 

The final formulas of the winding reactances in terms of A, B, C-:: 
are the same for any one of the five types of reactance. The final winding 
formulas are also unchanged if the reactance of the individual coils is 
changed by using different pitch, or different number of turns, or 
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different slot proportions, or air gap, or coil-end shapes, etc. The 
final formulas change only tf the manner of interconnection of the cotls, 
C, changes. 

(b) If the windings with z’ are again interconnected by a new 
transformation tensor C’ then the resultant components of the 
impedance tensor z’’ are found again by thesame formula 2” = 
C,°2z’ CC’. 

The individual coils themselves may be assumed to consist of 
conductors (coil sides) interconnected by C,°z-~°C (in the calculation 
of slot-leakage or end-leakage reactances). 

When the windings are complex or when they show certain repeit- 
tions of patterns, etc., the coils may be interconnected into the actual 
windings in two or more steps instead of in one step. In other words, first 
it is assumed that the individual coils are interconnected into a larger 
number of groups with the aid of C; and the corresponding 2; is 
calculated. Then these groups again are interconnected into smaller 
number of groups by C2 and the corresponding 2e is calculated. These 
steps are repeated until the actual winding is reached, each step reduc- 
ing the rlumber of rows and columns of C and z. 


Il. INTERCONNECTION OF NEIGHBORING COILS 


Of the large number of possible short cuts one is shown here, 
because of its frequent occurrence in the calculation of standard wind- 
ings. In standard windings usually two or more neighboring coils are 
first interconnected into groups (say into pole- 
phase groups), then these groups are intercon- 
S nected in various manners into phases, etc. In 
id such cases it is advantageous to set up C in two steps 
33 as suggested by the coil arrangement. 

7 The interconnection of, say, groups of three 
neighboring coils reduces the number of rows and 
=e columns of z to one-third of its former value. 

s' This reduction can be performed very quickly 
e because of the simplicity of C without the formal 

« steps of setting up first C, then finding C;-z-C. 
= For instance, let fifteen coils be intercon- 
Fic. 12.1.—Inter. nected as shown in Fig. 12.1 into three windings. 
connection of he first step is to interconnect them into six 
Neighboring Coils groups as 


ooué@® se wevnr- 


’ 2’ 3° 4 5’ 6’ 


= 


12.1 


oR: a 


The z of the individual coils is 
12345 6 7 
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alolalol oe 


afelalelafol m=] > 
wlalwlalofm| =o 


12.2 


299 


300 REACTANCE CALCULATION OF WINDINGS 


Since the matrix of this tensor 1s symmetrical, there 1s no need of 
filling in the other half. If should be divided into compound matrices by 
heavy lines according to the number of neighboring coils in each 
group. 

If the multiplication C;°z-*C is performed it is found that each 
new components of the tensor I’ consists of all components of each 
small matrix added up, namely, 


1’ 2’ 3’ 4’ 5! 6’ 


a=3A+4B+2C 
b=B+2C+2D+E 

c= D+2E+3F+2G+H 
d=2¢6+ 4H 

e=2A + 2B 
f=E+2F+G 


12.3 


Since the first multiplication C,;*z adds up the components of 
each column in each matrix, and the second multiplication (C, + z) «C 
adds up the components of each row in each matrix, hence in 
connecting neighboring cotls into groups it 1s sufficient to add up the 
letters in each component matrix of Z, without the formal calculation of 
C, ozZ°C, 

The winding of Fig. 12.2 representing the winding of Figt 12.1 
after the neighboring coils have been interconnected is connected again 
into three phases by C’ 


I Wf Il 

‘ I 1’ 

2 I 

ry w 2’ 

a 

3" 3’ 

if C! = 12.4 

4’ 

Fic. 12.2.— 
Connecting 3’ 
Groupe Into 6! 

Phases 


This second C’ ts identical for all machines having the same number 
of pole-phase groups, whether the groups are identical or different, that ts, 
whether the windings have integer or fractional number of slots per pole- 
phase group. 
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The final components of the impedance tensor z” are by C, « 2’ + C’ 
I II IIT 


2” =1|2b-c—f 2. 
WIf[c +f — 26|26 —c —fila+e — 2d 


Similar labor-saving devices can be introduced in practically all 
types of windings. 


IV. REACTANCE CALCULATION OF INDIVIDUAL COILS 


Types of Reactances. (a) For purposes of calculation the (otal 
reactance of an individual armature coil (or of a whole armature wind- 
ing) is divided into three parts: 

1. Total Air-gap Reactance, due to all the fluxes passing across the 
air gap from the stator to the rotor, or vice versa (Fig. 12.3). 


i==, 


Fic. 12.3.—Flux-density Fic. 12.4.—Flux Produc- Fic. 12.5.—Flux Produce 
Wave Producing Total Air- ing Slot-leakage Re- ing End-leakage Re- 
gap Reactance actance actance 


2. Slot-leakage Reactance, due to all fluxes that pass across the 
slots, without getting across the air gap (Fig. 12.4). 

3. End-leakage Reactance, due to all fluxes linking the end connec- 
tions (Fig. 12.5). 

The sum of these three types of reactances is the total reactance of 
the individual coil or of the whole winding. 

(b) The total air-gap reactance (Fig. 12.3) itself is divided into two 
parts: 

1. Fundamental Reactance, due to the sinusoidal part of the flux 
wave shown in Fig. 12.3. (This is the useful part of the flux.) 

2. Differential-leakage Reactance, due to the rematning part of the 
total air-gap flux. (This flux causes the high-frequency tooth losses.) 
This reactance is found by: Differential = Total — Fundamental. 

The differential-leakage reactance itself is divided into the sum of 
nth harmonic reactances, namely, the sum of the second, third, etc., 
reactances. 
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Air-gap Reactances of Coils. Table 12.1 gives formulas for the 


calculation of the following self- and mutual reactances of individual 
coils: 


1. Total air-gap reactance, assuming the two coils (a) outside of 
each other, (b) coupled, (c) inside of each other. 


TOTAL AIR-GAP REACTANCE 


COILS OUTSIDE 


Xap* “kaa ohms 


COILS COUPLED 
Xap* -k[ea-n(atp-27)| ohms 


COILS INSIDE 


XKag = -k(ap-2m—) ohms 


SELF-REACTANCE 


Xoo » -K (a?-2 na) ohms 


n-TH HARMONIC MUTUAL 
Xaa* 8k 4, sin Basing s cosnY ohme 
n-TH HARMONIC SELF 


Xaa* 8k 2, (sinJa)* ohms 


a,e@ = Span of coils in electrical 
Ke(2MF)0.2NqNgt & $,10°8 radians 
vy = Radians between centers of 


enter 


Na.Ng =No. of turns in coils 
p:No of 21 along armature 
f *Frequency of current 


R= Radius of armature 
Oz Length of airgap 
L= Langth of stacking in cm. 


TaB_e 12.1.—Mutval-reactance Formulas of Two Arbitrary Coils 


2. Nth Harmonic Reactance. 
fundamental reactance. 


The self-inductance of a coil is found by assuming the two coils equal 
and at zero distance. 


The special case » = 1 gives the 


If the winding repeats itself after every pair of poles, then the dis- 
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tance covering one pair of poles is considered as 27 radians. If, how- 
ever, there are also fluxes having fewer pairs of poles than the funda- 
mental flux, then the distance covered by the longest wave length is assumed 
as 2m radians. Whenin doubt, assume the whole machine circumfer- 
ence as 27 radians. 

The number of turns in the coils, N. and Ng, may be explicitly 
given in Xag instead of including them in the constant k. 

Since in an armature winding many of the coils are identical and 
similarly arranged, only a very few of these self- and mutual coil 
reactances have to be calculated. These various reactances will be 
denoted by A, B,C, D---. 

Slot-leakage Reactance of Coils. The calculation of the self- and 
mutual slot-leakage reactances of conductors lying in the same slot is 
given in design books. The steps in going from conductor reactances 
to coil reactances can be made with the aid of a ‘ transformation 
tensor "’ C showing how the conductors are interconnected into cotls. 

That is, if z represents the impedance tensor of all conductors and C 
is the transformation tensor showing the connection of the conductors 
into coils, as in equation 12.6 for Fig. 12.6, the impedance tensor of the 
coils is found by C, ° z+ C showing their self- and mutual slot-leakage 
reactances. Since the conductors in different slots have no mutual 
inductances, the coil reactances usually can be read off the windings 
diagrams, without setting up a transformation tensor C. 


1 2 3 4 5 6 
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(a) Conductors lying in slots 
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) i] 
tb t tb 
’ 2 3 4 6 ry 
(b) Conductors connected into coils 


Fic. 12.6 


12.6 
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End-leakage Reactance of Coils. Similarly the end-winding re- 
actances may be found if the self and mutual reactances of the indi- 
vidual coils are known. 


V. STANDARD THREE-PHASE WINDING 


Types of Reactances. As a first example the reactances of a 
standard three-phase winding will be calculated, since their value can 
be easily checked by other methods or tables. 

Let the winding of Fig. 12.7 be given. It has twelve coils, pitch 

1-6, the coils being con- 
ad | nected as shown. The fol- 

PAs ; : 

. 6 e- lowing single-phase reac- 
tances will be calculated: 

1. Total air-gap reac- 
tance. 

2. Fundamental reac- 
tance. 

3. Fifth-harmonic reac 
tance. 

4. Seventh-harmonic 
reactance. 

5. Slot-leakage reac- 
tance. 

6. End-leakage reac- 
tance. 

Total Air-gap Reactances. It is sufficient to calculate the self- and 
mutual reactances of coil 1 with coils 2 to 6, that, is the six different 
values A, B, C, D, E, F, since 
those of the other coils are these 
same six values repeated in a 
different order. 

The pitch of every coil is, 
from Fig. 12.8, a = B = 150° = : a 
(5/6) radians. The distance y f= 7 f 
between coils is 0, 2/6, 27/6, 
3n/6, 42/6, 52/6, 74/6, etc., 
radians or 0, 30, 60, 90, 120, 150, 
etc., degrees. a : 

1. The self-inductance of coil = = 
1 is Fic. 12.8.—Calculation of Mutual Reac- 

A =— k(a? — 2xa) tances 


= — k[(25/36)x? — (10/6)x?] = 9.583% 


Fic. 12.7.—Standard Three-phase Winding 


10 1 1 
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2. The mutual inductance of coil 1 with coils 2, 3, 4, and 5, that is 
with those coils that couple it, is: 


Map = k(9.583 — 6.287) 


where ¥ is 0.5236, 1.0472, 1.571, and 2.0944. Substituting the various 
values of y, the mutual inductances are: B = 6.29k, C = 3.02k, 
D =— 0.28k, E = — 3.57k. 

3. The mutual inductance of coil 1 with coils 6, 7, and 8 is F = — ka 
=— 6.85 = G = H. 

4, The mutual inductance of coil 9 with coil 1 is the same as that of 
coil 5 with 1. Similarly that of coil 19 with 1 is the same as that of 
coil 4 with 1, and so on. 

Hence the self- and mutual inductances of coil 1 with all the other 
coils can be arranged in a row as 


123 4 5 6 7 8 9 10 11 12 


where the values of A, B, C, etc., are given in the first column of Table 
12.2 and where the constant & is defined in Table 12.1, being a function 
of the number of turns, air-gap length, etc. 

TABLE 12.2 


Con REACTANCES 


Air gap | Fundamental] Fifth-harmonic | Seventh-harmonic Slot-leakage | End 


9.58k 747k 0.0216k 0.0294k L+wN A’ 


eT, es eed 
eer 


6 47k —0.0187k —0.0254% 0 B’ 


3.73k 0.0108 0.0147k 0 C’ 


EY OR EEE | a oe ene TES fe rerun See 


0. k 0. k 0. k 0 D’ 


CE eed 


—3.57k —3.73k —0.0108% —0.0147k 0 a! 


~ ——— _ poner om Cee ee re renee: | ey ermeemnese ae | ene epee 
a Ee 


—6.85k | —6.47k 0 01872. 0 0254k _M F’ 


SE NN en Se ey 
age eee | ete oo See omni a 


—7.47k —0 0216k —0 0294 0 G! 


The self- and mutual inductances of coil ? form a similar line except 
the components are shifted and hence all the self- and mutual air-gap 
inductances of the individual coils can be arranged in the impedance 
tensor 
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4 9 10 11 12 


12.7 


This tensor represents also all the other types of coil reactances to be 
calculated presently. 

Sinusoidal Reactances. (1). Considering the fundamental sine-wave 
reactances let in the formulas in Table 12.1,” = 1. Then 


8k sin — ae = k8(sin = aw)? = 8k(sin 75°)? = 7.464k 
2 2 12 

and mas = 7.47k cos y, where y varies from 0° to 330° by steps of 30°, 

giving for the various fundamental self- and mutual inductances of the 

individual coils the second column of Table 12.2. 

2. Considering the fifth-harmonic self- and mutual inductances 
when m = 5, then 82 s/s(sin $ $1)? = 0.32k(sin 15°)? = 0.0216, and 
Map = 0.0216k cos Sy, where y varies from 0° to 330° by steps of 30°. 
The various fifth-harmonic self- and mutual inductances are giveni n 
Table 12.2. 

3. Considering the seventh-harmonic reactances when n = 7, then 
8k a'5(sin $ Sr)? = 0.163k (sin 165°)? = 0.0294k, and Mag = 0.0294k 
cos 7y, where y varies from 0° to 330° by steps of 30°. The various 
reactances are given in Table 12.2. 

Slot-leakage Reactances. In one slot lie two coil sides as shown 
in Fig. 12.9. Let the self-inductances of the upper conductor due to 

slot-leakage fluxes be L, of the bottom conductor N, and 

L } their mutual inductance M, calculated by methods 


N given in textbooks. The problem is to find the slot- 
Fic 12.9.— leakage reactances of the various coils, if those of the 


Two Coil cou sides are L, N, and M. 
Sides ina Slot It is unnecessary to set up a C. By inspection it can 
be seen that every coil has a mutual inductance with 

those coils only that lie in the same slot, consequently z’ can be set up 
immediately. 

The slot-leakage reactances of coils is shown in the fifth column of 
Table 12.2. 

Let it be assumed likewise that the end-leakage reactances of the 
individual coils have also been calculated by some method. They are 
shown in the last column of Table 12.2. 
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Reactances of the Interconnected Windings. From Fig. 12.7 it 
can be seen that the first step is to interconnect neighboring coils into 
six pole-phase groups by dividing z into small matrices with two rows 
and columns. The product C,°z-C is found by simply adding up 
the components of each small matrix of z giving 


1’ 2' 3’ 4’ 5/ 6’ 


a=2A-+2B 
b= B-+2C+D 

z= 12.8 
c= D+24#4.: 
d=2F+ 2G 


The next step is to interconnect the six pole-phase groups into three 
phase windings as shown in Fig. 12.7. In three-phase windings tt 1s 
advantageous to reverse the direction of the second winding so that the 
three windings are symmetrically placed at 120° apart. In that case 


I Wt Wf 


C,°z’ °C’ are 


The components of 2” 


I i 


a! = 2a— 2d =4(A+B-F-G) 
b! = 2c — 2b = 2K —B)+4(E—C) 


z'' = II 


where‘ a'"’ represents the self-inductance of each phase winding and ‘‘ b’"’ 
the mutual inductance between any two phase windings. Out of the pos- 
sible nine reactances only two are different. 
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Now substituting the values of A, B, C, D, EZ, F, given in Table 12.2, 
Table 12.3 gives the various single-phase reactances of the phase windings. 


TABLE 12.3 
SINGLE-PHASE REACTANCES 


Funda- End-leakage 


mental | harmonic | harmonic 
a’) 118.28 | 111.52k 0 .0232k 0.0322 |4(L+N+M) 4(A’+B’—F’—G’) 
b’ 1 —52.64k |—55.76k |~-0.0116k | —0.016k 2(F’—B)+4(E’—C’ 


The various types of three-phase reactances can be calculated again 
by the formula z” = C’,+z’+C’, where C’ represents the manner of 
interconnection of the individual phase windings, as will be shown in 
Fig. 12.13. 


VI. CAPACITOR-MOTOR WINDING 


(a) As an example of a winding in which the coils have different 
pitches, consider the four-pole 36-slot unbalanced two-phase winding 


12 ean 
AAR HMARARAAM RADE 
1’ 2' 3' a 


Fic. 12.10.—Capacitor-motor Winding 


shown in Fig. 12.10. The main winding coils have 16, 24, 18, 16 turns, 
and the capacitor winding coils have 12,9, 9,4turns. Because of the 
winding symmetry, 18 slots are considered as 27 radians. 


CAPACITOR-MOTOR WINDING 309 


Since half the coils along 2x radians have different pitches and 
number of turns, in the z tensor of the generalized winding the rows do 
not repeat themselves but all are different. As an example, only the 
fundamental and third-harmonic reactances for which z reduces to a 
simpler form will be calculated. 

The fundamental reactances are calculated by the formula 


Xes = Sin 5 sin : cos yN.Ngk 
The third harmonic reactances are calculated by 


1 3 36 
= - sin ~ sin-~ cos 3yNaNpk. 
X af g sin 7 sin , cos 3yNaNak 

It is found that there is no mutual reactance between the coils of 
the main and the starting windings (cos y = cos 90° = 0), so that for 
both types of reactances the impedance tensor of the individual coils is 


v2’ 3 4 


12.10 


where for the fundamental reactance 
1 y 4 3 4 5 6 7 8 
327 182 
432 | 240 
240 


113.8] 63.4 


and for the third-harmonic reactance 
1 2 3 4 


each number being multiplied by the constant k. 
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For the total air-gap reactance z has a more complex form. 

(b) The first step is to interconnect the neighboring coils into four 
groups asshown. The z’ of this arrangement is found by summing up 
the components of each matrix of z, namely, those of A and B, giving a 
similar matrix with A and B replaced by the numbers A and B. For 
the fundamental reactances A = 3634, B = 3368.5. For the third 
harmonic A = — 14.8 and B = 27. 

Interconnecting the four groups into phases, as shown in Fig. 12.11, 
C,-z’-C’ gives z’”” (where z’ is the same as z with A and B replaced by 
the numbers A and B.) 


I I 
z I 
F = 1’ I 
. 2’ Ij}4A]/ 0 
C’ = 12.13 Zz!’ = 12.14 
oe 3’ II} 0 | 4B 
Fie. 12.11 4! 


For the fundamental and third-harmonic reactances these are 
respectively 


I 


I 


z" = 


12.16 


each number being multiplied by the constant k. 


VI. EXAMPLE OF DOUBLE WINDING FOR TURBO-ALTERNATOR 


The Impedance Tensor z of the Primitive Winding. (a) Let the 
winding of Fig. 12.12 be given with forty-two slots, covering 2m elec- 
trical radians. All coils are identical, having a pitch from first to 
nineteenth slot (18/21 = 6/7 pitch). There are altogether six identi- 
cal groups, each containing seven coils. 

Coil 1 will have a self-inductance A and a different mutual induc- 
tance with each of the other coils. The coils to the right of 1, (2,3 ---) 
have the same mutual inductance as the coils to the left (42, 41 ---), 
hence altogether there are twenty-one different mutual inductances of coil 1, 
shown in the first row of the accompanying Z. 

Coil 2 will have the same self- and mutual inductances with all the 
other coils as coil 1, except that the above row is shifted to the right by 
one block. For coil 3 the above row is shifted to the right by two 
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blocks, and so on, so that for the forty-two coils the self- and mutual 
inductances are Z = Z; + Z2 where z; and Ze ere 


1 


C 
D 


oo on oO aA Pe wD NB 


42 


o on fA A Fw UNO 


42 


23 45 6 7 


AI|B\C{D\E\|\ FIG 


eee ty 


B|A|B|C|D|E|F 


ee ee eee ee 


B\/A;|B\CID\E 


oe eee fc Pe ee | eee 


C|/Bi{A;| BIC! D 


woeewe oe | eee: f me § rete | comers | ees 


E|D|C|Bi|A|BIC 


FLE| DC) Bal 


HiG|F\|E|D|C|B 


I|/HiG|F)EI| DIC 


8 9 10 11 12 13 14 15 16 17 18 19 20 21 
ee ee 
G|H\I|J|K|L|MlN|Pie[R| s|riu 


F\@la| ir} s 
PW atalapal 


B Bong ‘iH 


else le lal 


see tatetetettctete 


wlulcixls|z 
P|N|M|L|K| J 


ra[alFle|olelala 
12.17 


(Because of printing exigencies, z is expressed as the sum of two 
tensors.) 
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Since each row repeats itself, it is sufficient to write down only the 
first few lines of z. 

(6b) Since there are six identical groups, each group containing 
seven coils, the tensor z containing forty-two rows and columns will 
be divided into component matrices as shown, each containing seven 
rows and columns. Of the thirty-six component matrices only four are 
different. Hence z as a compound tensor can be written as 


I 0 I IvV_ VI 


12.18 


where A, B, C, and D are the first four small matrices. 

The Transformation Tensor C. There are forty-two coils con- 
nected into six groups, hence the transformation tensor C contains 
forty-two rows and six columns as shown in Fig. 12.12. (It is possible 
to interconnect the coils first into twelve groups and then only into 
six groups.) 

The first column shows that coils 1, 3, 5, 7 are connected series 
opposing with coils 23, 25, 27. The second column shows that coils 
2, 4, © are connected series opposing with coils 22, 24, 26, 28. The 
same connections repeat. 

Looking at C, it can be seen that as a “‘ compound tensor”’ it can 
be written as 


N= 12.19 


It should be noted that M contains seven rows, just as many as 
A, B, C, D in the previous section. 
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~— 


Fic. 12.12.—Connection Diagram and Transformation Matrix 
ing for Turbo-Alternators 


The Winding Impedance Tensor z’. The impedance tensor z’ of 
the windings is found by C,-z-C = 
X=(M,-A+N,-D)>-M+ (M,°D +N,-A)-N 
Y= —(M,-B+N,°C,)*>M+ (M,°C,-+N,°B)-N 


W =(M,:C+N,-B,)-M-+ (M;°B;-+N,-C)-N 
12.20 


The remaining work consists of calculatung the three matrices X, Y, 
and W. ‘Table 12.4 gives the calculation of X. 

Since every component in a matrix consists of the sum of letters as 
A+B4+C+D+E, the sign is left out in Table 12.4, and a minus 
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sign is put in front of them where —A, —B, —C, —D, —E occurs. 
It should be noted the matrices X, Y, and W are symmetrical, and 
that some of their components are equal. This equality of components 
serves as check on the correctness of the calculations. It should also 
be noted that in each component in Table 12.4 the letters are identical 
along the diagonal lines, serving as a further check and showing up 
ammedtately any mistake made during the calculations. 
Hence X, Y, and W are the following matrices: 


cld 
X = Y= W= 
dic 


Substituting the above values of X, Y, and W into z’, the final com- 
ponents of the impedance tensor z’ are 


I I miIv V VI 


12.21 


where a = 7A + 10C + 6E + 2G — 4R — 8T — 12V 
b=12B+8D+4F—6S—20—10U—7W 
c = —(B+3D+5F+7H+3J—L—5 N—6Q—4S—2U) 


d =—(20+4£+66+5/+K—3M—7P—S5R—3T-— V) 


representing the self- and mutual reactances of the six windings I-V1 of 
Fig. 12.12 in terms of the reactances A, B, C-:- of the individual 
coils. Out of the thirty-six possible reactances only four are different. 

If these six windings are again interconnected in any manner repre- 
sented by C’, the resultant new impedance tensor is formed by 
C.oz’ °C! = 2", 

The Evaluation of Reactances. Three types of reactances will be 
evaluated. They are: (1) total air gap, (2) fundamental, (3) slot- 
leakage reactances. 
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TABLE 12.4 
SAMPLE CALCULATION oF A ComPpounp Matrix X 


MA =|4CEG | BBDF | CACE | DBBD | ECAC | FDBB 
BDF | ACE | BBD | CAC 


M;:A:M = — | 44 + 6C pet 6B + 4D+2F 


6B +4D+ 2F 3A+4C+2E 


ND «= —WUX |-VVT_|-UWL |—-TVV |—SUW |—RTV _ 
—VVTR|—UWUS|—TVVT|—SUWU |—-RTVV |—OSUW’" 
—2R—4T—6V —25 4U — 3W 
Ws De ee _—2R—-4T—-6V 
: —20 —45 -6U—4W | —2R —4T 
ee VVTR | uwus | Ter SUWU | RTVV | QSUW 
: WUS Vvr | Uwu | TVV | sUW RTV 
WUSO 
UWUS 
RTVV |—SUWU 
ee |_osuw]| _ [_—2k —4T —6v —20 —4S —6U—4W 
. WUS VTR —2§ —4U —3W | —2R—4T—6V 
—UWU | VVT : 
SUW TVV 
RTV 
—BDF |—ACE —DBB |-ECA |—FDB 
—ACEG |— BBDF —ECAC |—FDBB |—GECA 
3A +4C4+2E 6B +4D + 2F 
NerA-N = 6B +4D+2F | 4A + 6C +4E + 2G 
DBBD| CACE 
FDBB| ECAC 
7A + 10C + 6E + 2G — 4R — 12B + 8D + 4F — 6S — 20 — 
ui — 8T—12V — 10U — 1W 
FR, CRI lS ice) Aaepeeeweate Meee Meester. Aaen | een 
- 12B + 8D + 4F — 6S — 20 — 7A + 10C + 6E + 2G — 4R — 
—10U —- 7W — 8T — 12V 
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(a) The self- and mutual reactances of the individual coils calcu- 
lated by the formulas in Table 12.1 are given in Table 12.5. The 
constant k’ was so selected that the fundamental self-inductance 
should be unity. 


TABLE 12.5 


Funda- Funda- 
mental Slot mental Slot 


1.875k’ | L —0.075 
0 : . 2235 
. 366 


Cc 


a 
oD 
fe 
P 
z 
a 
H 
J 
K 


0 
0 
0 
0 
0 
0 
0 


o;1jo;r io; ol; o;o;o;o] o 


Since the pitch of all coils is the same, the slot-leakage reactance of 
the tndividual coils can be written down without calculation, analo- 
gously to that of a standard three-phase winding given previously. 
That is, if the self-inductance of the conductors in one slot is L, and Ly 
and their mutual inductances is Z,, then: 

1. The self-inductance of each coil is A = L, + Ls. 

2. Only those coils have mutual inductance that lie in the same 
slot. The value of this mutual inductance is — Ly. 

Hence coil 1 has a mutual inductance only with coils 19 and 25, 
giving J = — L,.», making all other mutual inductances B, C, D, E --- 
equal to zero. The slot-leakage reactances of the conductors are 
assumed as L, = 0.5, LZ, = 1.375, and Law = 0.625. 

(b) The four different self- and mutual reactances of the stx tnter- 
connected windings, contained in z’, are given in Table 12.6. 

Winding Interconnections. The reactances a, D, c, d calculated 
are the single-phase reactances of the windings. The windings them- 
selves may be interconnected in various manner by a new C’, three 
of the connections being shown in Fig. 12.13 in which case the reac- 
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tances z” of the interconnected windings are calculated again from 
the single-phase reactances by C,-z+C’ = z”, 


I 


A 44 
I Ifa] bp 
ef] 


Cyz-Ce#z's 28-25 


a) Single-phase thru 


C,°z-C = 28-20 
b) Three-phase 


A I remy 

Iq1] Tet 24+ + fo 
es Of) zg: ot | 

m1 sung a] b |] 

Wi-1| 4 EB |b] a | 


Cy°2-C = 4(a-d-bec) 
Tnhree-phase thru 


Fic. 12.13.—Various Interconnections of Double Windings 


TABLE 12.6 
WINDING REACTANCES 
Fundamental Slot 
44.77k | 18.1 | 
44.77k' 
—20.91k’ —22.39k’ 
—20.96k’ —22 . 39k’ 


The self-impedances of the interconnected windings shown in 
Fig. 12.13 are given in Table 12.7. 


TABLE 12.7 
REACTANCES OF INTERCONNECTED WINDINGS 


Slot 
leakage 


1—¢ ag 46.76k’ |  44.77k' 18.1 


Reactance Total Fundamental 


1 — ¢ through = 2(a — 3) 1.6 k’ 0 k’ 36.2 
3—¢ = 2(a — d) 135.44k’ 134.34’ 39.98 
3 — through = 4(a —d — b +) 3.4 k’ 0 fk’ 79.96 
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VOI. PART WINDINGS FOR SYNCHRONOUS MOTOR STARTING 


The Coil Reactances. (a) A particular twenty-four-pole, three- 
phase synchronous motor has 252 similar coils. For purposes of 
starting the coils are connected into twenty-four groups, as shown in 
Fig. 12.14. During starting some of the groups are interconnected and 


Slots per pole 
iif. per phase 


4 
af 


Fic. 12.14.—Connecting a Synchronous Motor Winding with 252 Coils into 
24 Groups for Starting 


energized in different order. Since two mechanically opposite wind- 
ings are always energized, it is sufficient to analyze only half the 
machine, containing 126 coils in 27 radians. The connection diagram 
of the 126 coils into twelve windings is shown in Fig. 12.15. 

Since there are sixty-three coils covering 2m radians, the mutual 
inductances between the sixty-three cotls are in general all dufferent, 
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Fic. 12.15.—Connection Diagram and Transformation Matrix of the Winding of 


ing 


Half the Wind 


, ignoring 


Fig. 12.14 
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necessitating the use of sixty-four different letters in the impedance 
tensor Z, also shown in Fig. 12.15. tis suffictent to fill 1n only half of 
the first seven columns, as shown, since the second half repeats the first 
half in the reverse order, and also the other columns repeat the first 
seven columns. 

(b) The first step is to interconnect only the neighboring coils in 
alternate groups of three and four. The resultant z’ due to this 
interconnection is found without C, °z °C by dividing z into 36 X 36 
blocks and adding up the components of each block. The resulting 
z’ is given in Fig. 12.16. 

The connection diagram and transformation tensor of the thirty- 
six resultant groups are also shown in Fig. 12.16. 

1. The transformation tensor C’ may be represented as a compound 
tensor in which the only component is the matrix M having six rows. 


M = 12.22 


2. The impedance tensor of the group reactances z’ can be divided 
into component matrices, each having six rows and columns (that is, 
as many as there are rows in M), so that Z’ can be written as a com- 
pound tensor as 


12.23 


Only four different matrices A, B, C, D, each having six rows and 
columns and shown in Fig. 12.16 are needed to represent completely the 
tensor z' having thirty-six rows and columns. 
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-z’ + C’, the impedance tensor 


, 
t 


In finding C 


Winding Reactances. 


of the twelve windings is 


12.24 


~ 
~ 
Ww 


where 


-M 
-M 


R = M,;:C 
S = M,-D 
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after the Neighboring Coils are Interconnected 


Fic. 12.16.—Connection-diagram and Transformation Matrix of the Winding of 
Fig. 12.15 


The use of compound matrices reduces the multiplication of a set 
of matrices with 36 rows and 12 columns (Fig. 12.16) to the multipli- 


cation of four set of matrices having only 6 rows and 3 columns. 


The saving of labor is considerable. 
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Substituting the values of P, Q, R, and S into z”, the final compo- 
nents of the impedance tensor are 


I WW WW Vv vi Vil VIX IX X XI XII 


z= 12.25 
where 
a’ = 2(A’ + E’) g =2V’+N +R m = I'+(Q’ t' = /—)’ 
b= 2B°4+ F+]' = 227’'4+P'4+S' n' = J’ + R’ u’ = T' 
f= 2C'4+G' + J' ‘’ = BE’ + M’ p= K'+5S' o! = Ul 
d' = 2D’ + H’ + K’ jeFs+L’ q = A’ w’' = VY’ 
e’ = 2(T’ + M’) k' =G'+WN’ yr’ = B’ g' = Z' 
fz2v+L+? l’ = H’ +P’ 5s’ = C' 


A’ = 7A+10B+6C+2D—21-4J —6K -6L—4M -2N 

B’ = 2B+4C+6D+5E+2F —-G—M-—2N -3P—4H —3I1-2J -K—-2Q-R 

C’ = F+4G6+7H +514+3J/+K—-B-—-2C—3D-—-2E—-—Q-—2R—3S—3T-—-2U—-V 

D’ = 2B+4C+6D+6E4+-3F —3H —21-J—L-—-2M-—3N—-—4P—3Q-—-2R-—-S 

E! » 74+3U4+-5V4+7W4+5X4+-3V¥4+2Z2—-—1-2J —-3K—3L—2M—N —¢—2f—3¢—3h—21-j 
Fo w 2X +4Y +62 +60+40+2¢—-L—-2M—-3N—4P—3Q-2R—S—i—2j—3k~2i—m 
G’ = a+364+-S5¢+7d+Se+3ft+e—Q—2R-—3S—3T—2U —V —l—-2m—3n—-39~—2q—r 
H’ = 2X +4Y +6Z+66+40+2¢— M—2N—3P—2Q—R-h-25~-3j —4kh -3l -2m—n 
I’ = 2Q0+4R+6S +67 +4U +2V — F—2G—3H —21I —J —a—2b—3¢—4d — 36 —2f—8 
J’ «@ L+3M+5N4+7P+50+3R+S~B-—2C—-3D—3E—2F —G—X—2Y-3Z2—3a-—2b—¢ 
K’ = 20+4R+6S8S+67+4U +2V —E-—2F —3G—4H —31 -—2J3 —K —b—2¢—3d—2e—f 
L! = 2¢+4u+67+6a+48 +27 ~h— 28 — 3f—4hk— 31 —-2m—2— €—-22—36—20—p 

M @ 94+3¢+57+75+5i+3u +0 —e— 2f—-3g—3h— 248 -j —A— 20-37 -3x—-2p—9 

N’ = a+384+-5y7+76+5r}+30+7—l—2m—I3n—-3p —2qg—7— Y—2uw— 3w—-3n—-2e—- 2 
P! = 23+44+60+60+48 +27 —i —2j — 3k —- 21 — m—x — 2p — 30 —4f —30—2e—7 

Q = 21+4m+6n+6p +4¢+27 —-b —2¢— 3d —-2e—f—a—28 —3y —45—-—3X—20-—7 

R! = h+36+5j+ 7k +51-+3m+n—x —2y—38—3a—2b-c—t—2u—39—3a—28—-y 

S’ = 21+-4m +6n+69+4¢+27 —a — 2b —3¢ — 4d — 30 -2f—g—B—2y—-36—-2A-—0 

T’ = WW +109 +64 +2w— 20 — 49-69 —6r—40—2A 

U! = 29+44+6w +5 +2€—2—4 — 30 —- 2p —47 —7 —2A—35-2y7-8 

Vo @ e€+42+7¥+50+3p+57 — O— 2u—3w—2n —y — 28 — 3a — 30 —2u—8 

Z' = 29+44 +60 +6 +3¢e—36—20—p—r—2—3A—48—3y— 28 —a 


PART WINDINGS FOR SYNCHRONOUS MOTOR STARTING 323 


Each of the primed lower-case letters (there are twenty-three of 
them) represents the self- or mutual impedance of one of the twelve 
windings. Of the 144 possible impedances there are twenty-three 
different ones. 

The individual coil impedances (unprimed letters) may represent 
any one of the harmonic, total, slot-leakage, etc., reactances, calculated 
by the methods shown. The numerical substitutions into the winding 
formulas given above can be done on a calculating machine. 

The twelve windings themselves may be connected into groups by 
C” in various ways during starting. The value of the new z’”’ is 
found from the above 2” by C,’’- z+ C” =z’, giving the various 
types of self- and mutual reactances of the interconnectea windings. 

The calculations from z’ to z’’ may be performed by two or even 
three steps if so desired. 


CHAPTER XIII 
SPINOR TRANSFORMATIONS 


I. THE CONJUGATE OF GEOMETRIC OBJECTS 


(a2) All transformation tensors C so far considered contain only 
real numbers (constants) such as 1, —1, ”. In many engineering 
problems the transformation tensor C contains also complex numbers 
(constants) such as a + jb. In such cases all equations and all trans- 
formation formulas assume a more general form. 

It is emphasized that these more general formulas to be given now 
are only special cases of still more general formulas that are used 
when the components of the transformation tensor C are not real or 
complex constants as 5 or a + 7b, but are functions of the variable x*. 

(b) When the n-matrices of a geometric object of any valence 
contain complex components, an additional geometric object can be 
built from it. The ‘‘ conjugate’’ of a geometric object 1s formed by 
replacing each component (a + jb) of each n-matrix by tts conjugate 
imaginary (a — jb). In direct notation the conjugate of a geometric 
object A is.denoted by an asterisk as A*. (The index notation will be 
given presently.) For instance, if along some particular reference 
frame 


a b c d 
e= a + jo | c | -~jd | e—jf 13.1 
its conjugate is 
a b c d 


13.2 


13.3 
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its conjugate is 


13.4 


(c) Taking again the conjugate of a conjugate geometric object, 
the original is reestablished. That is 


(A*)* =A 13.5 


The conjugate of a product is taken by taking the conjugate of each 
geometric object. That is 
(A -B)* = A*- B* 13.6 


The conjugate of an inverse is the same as the inverse of the con- 
jugate. That is 
{(A-')* = (A*)-! 13.7 


In other words, it is possible to take first the inverse of a tensor of 
valence two, then its conjugate, or first its conjugate and then its 
inverse. The final tensor is the same. 


Il. A MORE GENERAL DEFINITION OF POWER 


(a) A complex number 7? = a@ + jd is repre- 
sented in a plane (the time plane) by a line with 
components a and 6 (Fig. 13.1). Its product by 
itself (%)(#) has to be so defined that it should be 
equal to the square of its absolute value, that is 16. 13.1.—Complex 
to a2 + 62, This result can be found only if the Number as a Time 
product of 2 by itself is arbitrarily defined as or 


(2)(4*) = (a + jb)(a — jb) = a? + B? 13.8 


that 1s by taking the conjugate of one of the complex numbers. 
(b) In general the product of two vectors (giving a scalar) ts defined 
by taking the conjugate of one of the vectors. That is, if 


a b Cc d 


a= | (+70) | c+id | et+af | eth | 
b=| p+iq| rtis | tt+ju | otis | 
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then their product is defined as 
a-b* = (a + jb)(p — jq) + (¢ + jd)(r — Js) 
+ (e + jf)(t — ju) + (g + gh) — jz) 
= (ap + bg ter + ds + et + fu + gu + hz) + 
+ j(bp — ag+dr—cs + ft — eu + ho — gs) 
(c) According to the above definition the power input of an a-c 


system 1s defined as 
P = e*+i = (eq) "1% 13.9 


It is an “ apparent ’’ power having a real and an imaginary compo- 
nent. By convention the conjugate of the volfage vector will be taken 
instead of that of the current vector in order that the reactive power 
due to a lagging current should be negative. This conforms to the 
practice of assuming the impressed voltage vector as the reference time 
axis. For instance, if the currents in two circuits m and n are lagging, 


that is if 
m n m n 


then the total power input is 
P = e*+i = (a)(—jc) + (—jb)(d) = — j(ac + bd) 


representing the reactive power due to the lagging currents as nega- 
tive. If the conjugate of e is not taken, the answer P = — j(ac — bd) 
is incorrect. 

As a special case, when the components are real numbers, the 
product of two vectors reduces to the usual form. 


Il, THE TRANSFORMATION FORMULAS 


(a2) Let the current vector i of a system be transformed to i’ by 
the transformation formula i = C - i’ where some of the components of 
C are complex numbers. 

In order to investigate the transformation formula of the various 
tensors e, Z, etc., when C contains complex components, let a linear 
form, the power input, again be assumed invariant 


This formula, however, is more general than the analogous formula 
of equation 4.22. 
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(6) To find the transformation formula of e, again let i = C -i’ 
be substituted into equation 13.10 as 


e*-C-i’ = e*’ -j’ 
Being an identity, i’ can be dropped, leaving 


e*-C = e*’ 


Taking the conjugate of both sides 


e-C* = e’ 
and 
e = C,~!-e’ 13.12 


Hence if the transformation tensor C contains complex components, 
the conjugate of C also occurs 1n the transformation formulas. 

(c) Now let the transformation formula of z be established by 
following the reasoning of Section VIII, Chapter IV. The equation of 
voltage is 

e=Z-°i 


Replacing i and e in terms of their primed values 
Crt el er Cet 
e' = C,°z°-Ceri! 


Since by the Second Generalization Postulate the form of the equation 
of voltage is unchanged in any reference frame 


eo = 7) +i’ 


Hence the transformation formula of z is 


| z' = C;-z-C | 13.13 


IV. THE ‘‘SEQUENCE” TENSOR 


(a) Asimple example of a transformation matrix C having complex 
components is the one formed from the three ‘‘ sequence operators ” 
used in the method of symmetrical components. 
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Let three unequal coils with unequal mutual impedances between 
them be given. Their impedance tensor, impressed voltage, and 
Current vectors are 


a b Cc a b c 


(b) Let now the actual currents 7°, 2?, and 1° be replaced by another 
set of hypothetical currents 7°, 4!, and 7? (called zero-, positive- and 
negative phase-sequence currents respectively), by the following 
substitutions 


1 
Oe po gl + 42 
rg 


1 
eo = —= (1° + a7! + ai?) 


— V3 
1 
© =: —-— (40 1 22 
4 Vy + at! + a1?) 


where the operators 4 j-866 = i120" 


i 
2 
a? = — 4 — 7-866 = ¢~i120° 


rotate a time vector (a + jb) counterclockwise (or clockwise) 120° 
respectively. They satisfy the relation 


l+at+a=0 


The conjugate of a is a”, and that of a? isa. Also a? = 1 and at = a. 
In the following this particular transformation tensor C will be called 
briefly the “sequence tensor." 

The factor 1/»/3 is introduced here in order that the power e*-i 
should be invariant under the sequence transformation. (See Section 
XIX.) Thereby the sequence transformation tensor can be used in con- 
junction with other invariant transformation tensors on equal footing. 

The components of the sequence transformation tensor C are 
formed by the coefficients of the new currents. Its inverse conjugate 
and conjugate inverse (and their transpose) are 
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The seven different tensors shown possess only two different types 
of matrices, namely 


with the indices arranged differently. The determinant of the first 
matrix is +/3(a — a?), that of the second matrix +/3(a? — a). 

(c) The three rows of the transformation tensor C are the three 
so-called “‘sequence operators’ namely 


1. Zero phase-sequence operator S° = (1, 1, 1). 
2. Positive phase-sequence operator S! = (1, a?, a). 
3. Negative phase-sequence operator S* = (1, a, a”). 


That is, the usual method of symmetrical components uses three differ- 
ent transformation matrices (each matrix being a one-rowed matrix) 
whereas the present method uses only one transformation matrix 
having three rows, thereby speeding up the calculations and simplifying 
the method of reasoning. 

(d) The applied voltage vector is by e’ = C,-e 


0 1 2 01 2 
o= Ca + eb + €c| ba + cen + ae, | ta + cen + cee] = [alae 13.16 
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The new components of the current vector are by i’ = C-!.j 
0 1 2 01 2 


s+ a> + a] 3? + as? + ai? | 69+ as? + ai? 


The new voltages and currents are found from the old ones by the 
same formulae, since C,; = C-!. 


V. THE SEQUENCE IMPEDANCE TENSOR 


(a) Considering the most general form of the impedance tensor of 
three unequal coils 


13.18 


Zea Zeb Lee 


its components along the sequence axes are found by C,-z-C. The 


first step is 
0 1 2 


a | Zaa + Zab + Zac | Zac — *Zab + aZac | Zaa + aZan + "Zac 

1 eer a RIE 
z-C = a b | Za + Zop + Zoe | Zoa + 0724p + aZve | Zba + aZep + a*Zr0 
CC] Zea + Zed + Zee | Zea + a*Zeb + aZece | Zea + aZen + a*Zeo 


This intermediary tensor is usually written as 


13.19 


where 
Zed = (1/3) (Za + Za + Zac) 
Zal = (1/+/3) (Zea + a?Za + GZac) 13.20 
Za2 = (1/+/3) (Zaa + aZa + a*Z ac) 


This tensor represents the impedances of each phase due to applied 
phase-sequence currents by the equation e = z-C:i’, as shown in 
Section X,. Chapter IV. It is used when the currents are expressed 
along the sequence axes and the voltages along the actual circuit axes. 


THE SEQUENCE IMPEDANCE TENSOR 331 


The second step is C,-(z-C) = 
0 1 2 


Zai + a?Zo1 + aZe1 | Zaz + aZu2 + a*Ze2 
Za + Zn. + Ze Za2 + a’Zyn + aZeo 


Zai + aZm + a*Zer | Zoe + Zo2 + Zee 


0 Za0 + Z00 + Zc0 
z’ = 41] Zao + aZo + a*Zeo 
21 Zao + a*Zn0 + aZco 


13.21 


13.22 


(6) When the mutual inductances of the three unequal ccils are 
zero, the impedance tensors are 


a b c 0 1 2 
alZ,.| 0 /| 0 
z=b| 0 | Z| 0 2! = 13.23 
c]}] 0 012, 


where 


Zo == (3)(Za + Zo + Z.) 
Zi = (3)(Ze + aZ, + a?Z,) 13.24 
Z2 = (3)(Z. + a?Z, + aZ,) 


They are called the zero-, positive-, and negative-sequence reactances, 
respectively. 

It should be noted that the sequence tmpedance tensors z' are not 
symmetrical, even though they refer to stationary coils. In general a 
symmetrical impedance tensor 1s no longer symmeirical after 1t 1s trans- 
formed by a C with complex components. 

(c) The equation e’ = z’-i’ gives the three sequence voltages when 
three sequence currents are applied. In the general case, when the 
three coils are unequal,-each applied sequence current produces all 
three sequence voltages. For instance, the zero sequence current 7° 
produces a negative sequence voltage equal to 19Z20 = 1°(Za2 +Zo2 
+ Z.2) / 3. 

The equation is solved as i’ = z’~!-e’, giving the three sequence 
currents due to applied three sequence voltages. In case of unequal 
coils each applied sequence voltage produces all three sequence currents 
and the form z’ (equations 13.22 or 13.23) has no advantage over the 
original form z of equation 13.18. 
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VI. REDUCTION TO DIAGONAL FORM 


(a) When the three coils are equal the sequence impedance tensor 2’ 
assumes special forms that reduce the amount of calculation. - 

Let it be assumed that the impedance tensor of the original three 
coils has the form 


13.25 


the three coils having equal self-impedances Z and two (not three) dif- 

ferent mutual inductances X; and Xg. Such a case occurs in three- 

phase synchronous and induction machines with smooth air gaps. 

The sequence impedance tensor of equation 13.21 becomes a diagonal 
2-tensor: 

1 2 01 2 

0; 0 

4119} 13.26 


where Zo, Zi, and Ze are the zero-, positive-, and negative-sequence 
reactances respectively. 

(b) When the two mutual inductances X; and X¢2 are equal, the 
sequence impedance tensor becomes (since 1 + a + a? = 0). 


0 1 2 
012; 0; 0 

= 1/0] 2,{ 0 13.27 
21 0 rm Z1 


That is, with equal mutual inductances the positive- and negative-sequence 
reactances are equal. 
(c) The admittance tensor y’ also has a diagonal form 


0 | 2 


13.28 
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showing that each sequence voltage produces only its own sequence 
current, and vice versa. 

(d) One of the most important problems in the theory of matrices 1s 
to find a transformation mairix that reduces a given matrix to a diagonal 
form. Itis interesting that the method of symmetrical components supplies 
a transformation matrix C (equation 13.14) which reduces certain sym- 
metrical matrices to a diagonal form. (Of course in the theory of 
matrices a linear form is not necessarily invariant under the trans- 
formation.) Undoubtedly there are other groups of C’s that reduce 
still more complicated z's to diagonal form. 

(e) If the impedance tensor has 2 rows and columns, the trans- 
formation matrix C of the method of symmetrical components is 

0 1 2 n-1 
1 1 
1 


a7 (n 1) = 


ql 13.29 


gD | g-2n—-D| | g—@a—-D— 


where a is the mth root of unity. When n = 3, this reduces to the 
C of equation 13.14. 

(The determinant of C is called the ‘‘Vandermonde determinant,” 
whose general form is 


2 RB gow Pp 13.30 


q*—1 6-1 cr! Bang , jn | 
Here a, b, c --+ f are replaced by the m different mth roots of unity.) 


Vil. ON THE USE OF THE SEQUENCE TENSOR 


(a) Three-phase networks consist of various types of three-phase 
apparatus interconnected in any manner, in shunt, or in series, just as 
single coils are. The component three-phase apparatus may be gener- 
ators, transformers, transmission lines, loads. 

The use of the sequence tensor of the previous section reduces the 
amount of analysis if the following two conditions are satisfied: 
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1. If each individual three-phase apparatus is balanced, that is if 
its impedance tensor has the form of equations 13.25 or 13.27. 

2. If each is interconnected with the other apparatus in a balanced 
manner. 

(5) If one or more of the.apparatus or their interconnections are 
unbalanced then the whole network is divided into two parts: 


1. The part containing the several balanced apparatus. 
2. The part containing the several unbalanced apparatus. 


The analysts of the first part is simplified by the use of the sequence 
tensor; that of the second 1s not, in fact, it often becomes more complex. 

In most three-phase networks the unbalanced part consists of a 
fault or an unbalanced load while the balanced part contains several 
apparatus and the use of the sequence tensor is decidedly worth while. 

The analysis of interconnected three-phase apparatus is undertaken 
in a systematic manner in Chapter XIX. A few simpler examples will 
be worked out presently. 

(c) In all problems so far considered the axes of the “primitive” 
network always were the actual coil axes. However, in three-phase 
apparatus the design constants may be known along the sequence 
axes instead. Hence the impedance tensor z of the primitive network 
of each three-phase apparatus may be expressed: (1) either along the 
actual phase axes a, b, c; (2) or along the sequence axes 0, 1, 2. 

Similarly the impressed voltages e or the currents i are expressed 
along these two types of axes. 

However, the transformation tensor C showing the manner of tnter- 
connection of the coils should be expressed first along the actual circutt 
axes a, b, c and then only should 1t be changed to the sequence axes 0, 1, 2. 

In finding the various geometric objects of the resultant network 
they also may be expressed either along the phase axes a, b, c or along 
the sequence axes 0, 1, 2, or along both. 


VII. GENERATOR EXPRESSED ALONG THE SEQUENCE AXES 


(a) Let a three-phase generator be given whose impedance tensor 
z’ and generated voltage e’ are expressed along the sequence axes as 


0 1 2 


a1 13.31 nie 13.32 
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Let the terminals of the generator be connected to any type of load 
by C. If the load and C are expressed along actual circuit axes it is 
advantageous to change the sequence axes of z and e of the generator to 
the circuit axes a, b, c. 

(b) From equation 13.13, z’ = C,-z-C, the reverse step follows as 


and from e’ = C, -e it follows that 


where the primed quantities are expressed along the sequence axes. 
Hence the components of the geometric objects of the generator along 
the actual circuit axes are by C, ~!+z’-C-! 


a b Cc 


Zo+ZitZe | Zo 4-0aZ1 + a*Ze 
Z+2Z1+ 22 13.35 


Using these components of the geometric objects as a starting point, 
the method of analysis of the generator 1s the same as that of any other 
asymmetrical stationary network of three cotls. 


IX. GENERATOR CONNECTED TO A LOAD 


(a) Let the generator be connected to a 
load as shown in Fig. 13.2. There are two 
meshes, hence two variables are assumed, say 


#° and 4. Fie, 13.2,—Unbalanced 
The impedance tensor of the primitive Load on Generator 
network is . 
a b Cc g 


al Zot+Zit+Zs | Zo +021 + a°Zs | Zo + 0°21 + 02s 
b| Zo +0°Zi +aZ,| Zo+Zi+Z, |Zo+0zi+ 0% 
c | Zo + aZ1 +0°Zg| Zo +0721 +0Z1| Zot+2i +22 
g 0 


zm 
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Equating the old and the new currents flowing in each coil 


b’ g’ 
47 = 0 a 
= 8 4o/ b 
C= 
4c = — qb! — 408! c 
48 = qs’ g 


The coefhicients of the new currents give C. 
Hence by C, -z-C and by C,-e 
b’ g’ 
b’ Zi1+Z: (Z1(1 — a) + Z2(1 — a*)]/3 
a’ | 121(1 — 0%) + Za(1 — @)1/3 | (Zo +21 +22 + 32,)/3 


y 


b’ g’ 
b’ g’ 
5 b’} (Zo +21 + Ze + 3Z,)/3D |[Z1(a — 1) + 2Z9(a? — 1)]/3D 
g’ 1(Z1(a* — 1) + Z9(a — 1)]/3D (Z1 + Z2)/D 
where D = [(Z1Z2 + (Z1 + Z2)(Zo + 32Z,)]/3 


‘ b’ | 3e[(a* — a)(Zo + 3Z,) + (a* — 1)Z2]/D 
g’ 3e[2aZ1 + (1 — 2a*)Z9]/D 


13.37 


13.38 


13.39 


13.40 


(6) As a_ second 
example consider the 
short circuit of a loaded 
generator as shown in 
Fig. 13.3. The geo- 
metric objects of the 
primitive network are 


13.42 
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where Z, is given in equation 13.55 and z; in equation 13.22 or 13.23. 


The transformer tensor is 
1’ 2' 3’ 4’ 


gs yu 1] 1 

v= 42! 2 ee a 
a = 43! 3 4 g 

a= —74)' “af-1 | “y Hee 
i = 2 it’ 5 -1 {| |-1 

45 = —45" 4. gt! 6 faa [-1 13.43 


The geometric objects of the actual network are by C;-z-C and 


by Cre 


g’ |’ 


g’ 1’ 


Zetz| —z-A 
—AgeZ; | Agezy-A a ee 


X. THE GROUP OF ‘‘SYMMETRICAL COMPONENTS” G,. 


(a) The transformation matrices that occur in the method of sym- 
metrical components, namely C and C~!, together with two other 
matrices defined as C-C-! = I and C-C = §, form a “group” with 
four elements 


a bec 

ail 1 | 07] 0 a 
S=b}olo|1 I=b 
clolilo Cc 


These four matrices satisfy the four conditions as elements of a 
group, given in Section III, Chapter XI. In particular: 

1. The product of any two elements is an element of the group. 
This can be seen by forming a “multiplication table" in which each 
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component is the product of two border elements of the corresponding 


row and column 
Cc +) c-! I 


13.46 


2. The associative law is satisfied, that is, C-(S-C-!) = (C-S)-C- 
3. Each element has its inverse. (The inverse of S is S.) 
4. The unit element I exists. 


It is emphasized that this group of four elements is a subgroup of 
numerous other groups having more than four elements. In particular 
G,. is a subgroup of the group of linear transformations with complex 
components. 

(b) These four matrices C, S, C-1, and I have properties analogous 
to those of the four numbers j, —1, —Jj, and 1 that also form a group. 
That 1s, the abstract properties of C are analogous to that of the complex 
operator j, C—! is analogous to —j, S to —1, andI to1. The similarity 
of the properties of the two groups is shown by the similarity of their 
multiplication table, 


13.47 


In the two tables analogous elements occur in the same order. 

Since the matrix S represents a reversal of the phase rotation from 
a-b-c to a-c-b (in analogy to —1 that represents a reversal of direction), 
consequently the sequence matrix C may be assumed to represent a change 
of phase rotation through an imaginary angle (in analogy to j, that 
represents a rotation of direction through an imaginary angle). 

It will be shown in Section XIV, Chapter XIX, that the transforma- 
tion matrix S is used in the zigzag connection of multiwinding trans- 
formers, when the three phases are interconnected. Hence the 
sequence matrix represents also an imaginary interconnection of the 
three phases. 
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XI. PHASE-SHIFT TRANSFORMERS 


(a) As another example of transformations where the transforma- 
tion tensor contains complex components, let balanced, three-phase, 
multiwinding transformers be considered where an electrical phase 
involves several magnetic phases. 

Let three identical multiwinding transformers be given, and on 
each core let, say, four different windings exist. In terms of leakage 
reactances X,_, the impedance tensor of the first transformer is 


13.48 


1 a 


Fic. 13.4.—Three-phase 
Four-winding transformers 


The impedance tensor of each transtormer has the same matrix, 
except that the axes a, b, c, d have different subscripts. 

When the coils of the three transformers are interconnected in any 
manner forming balanced three-phase networks and are connected to 
balanced impedances, in each electrical phase the same current flows 
through as in the other two phases, but shifted in time by 120° or 240°. 
Similarly in the windings of the second transtormer the same currents 
flow as in the corresponding windings of the first, but shifted by 120° 
in time, that is, by a = ©7!2°°. In the windings of the third trans- 
former the currents are shifted from those of the first by a? = ¢/2409, 
(Of course, in each winding a1, bi, ¢1, and d; of the first transformer, 
the currents are out of phase in time.) Hence: (1) If in the first trans- 
former 7%, 7°, 1°, 74 flow, (2) then in the second transformer az*, a7’, 
ai*, ai? flow, (3) and in the third transformer a72°, a7’, a*1°, a?44 flow. 

It is customary to represent each winding by a straight line, in 
particular the windings of the first transtormer, say by vertical lines 
(or by horizontal), those of the second transformer by lines at 120° 
from the vertical, and those of the third by 240°, as shown in Fig. 13.5. 
When any two of the windings are connected in series, the connections 
are represented as in Fig. 13.6. 

Since in a balanced system there is no neutral current, the currents 
flowing in a star and in a delta connection are to be assumed as in 
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Fig. 13.7. A star may be assumed to have a neutral wire in establishing 
the number of meshes. 


Aid Oppose 


‘oo 


al asm a, 7 
bf bs by -” 
Gt CaX\ C3” - a 18 and aw 
a a. 4, ” 
; a < 7 N, 2% and 39 
Fic. 13.5.—Representation of Fic. 13.6.—Series Con- 
Phases nections 


It should be noted that each tume the current 1s rotated 120° clock- 
wise tt 1s multiplied by a. 

(b) Now let the twelve windings be interconnected into a three- 
phase winding 1m any manner. For in- 
stance, let them be connected in the. 
following manner: 

1. The a windings into star. 

Fic. 13.7 2. The d windings into delta. 
3. The ¢ windings into star. 

4, The } windings in opposing series with the c windings; in par- 

ticular the b winding of the third transformer in opposing series with 


7 * 


=: 
— 

amm' 
 - 
-_ ’ 
oD 
-_ ’ 
wi 
oes < am) 


A A) A | 


(a) Old currents (6) New currents (c) Actual connections 
Fic. 13.8.—Phase-shift Zig-zag Transformer 


the c winding of the first transformer as shown in Fig. 13.8. (Such a 
connection is called a ‘‘zigzag’’ connection.) 


5. The d windings are connected in series with a balanced star load. 
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XII. ESTABLISHMENT OF THE NEW CURRENTS 


(a) The number of new currents to be considered is one-third of the 
number of meshes, since the remainir.g currents are the same but multi- 
plied by a and a*. Hence it will be sufficient to set up a relation between 
the old and the new currents flowing only in one-third of the windings, say 
in the windings of the first transformer and in one of the load impedances. 
Similarly 1t will be sufficient to neglect the magnetizing current in the first 
transformer only. 

(6b) In Figs. 13.8a and 13.8) are shown the old and the new currents 
flowing in one-third of the windings of the wye-del ta zigzag transformer. 
Since the number of meshes is nine, the number of new currents 
assumed is 9/3 = 3, namely, 7’, 1°’, and 1%’. They are assumed to flow, 
say, 1n three of the vertical windings. In the fourth vertical winding 
Z» flows ai*’, at 120° from 7°’. It flows through Z, in the opposite 
direction from the original 2 through one of the loads flows from 7. 
It makes no difference which load impedance is considered. 

In order to determine the new currents in all the other vertical 
lines, it is often necessary to determine the new currents in some of 
the other windings as an intermediary step, as shown in Tables 13.1 
and 13.2 with dotted arrows. 

In general, the new currents should be established in all lines having 
the same direction (either in all vertical, or in all horizontal, etc., lines) 
and tn one-third of the loads. 


XII. THE TRANSFORMATION TENSOR 


(a) In setting up the transformation tensor the same steps are 
repeated as in an unbalanced transformer analysis, namely: 


1. The manner of interconnection is represented by Ci. 
2. The ignoration of the magnetizing current is represented by Co. 
3. The resultant transformation tensor C is C;°Co. 


The difference between the balanced case considered here and the 
unbalanced case considered in Chapter XI is that only one-third of the 
windings and one-third of the equations are used in the balanced 
case. 

(b) Considering the old and the new currents flowing, say, in the 
four vertical lines (in the windings of the first transformer) of Figs. 
13.8a and } and in one (any one) of the loads 
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4% = rh 

e= —ai"’ 

ils 1 13.49 
= 42’ 

v= 4° 


The winding interconnection reduces the number of variables per phase 
from five to three. 

Instead of the four windings of the first transformer, of course, any 
other four (but differently lettered) windings could have been con- 
sidered, for instance ce instead of ¢1, etc. 

(c) The equation of constraint, neglecting the magnetizing current 
in the first transformer, is, before interconnection 


ng? + nt? + nat + nat? = 0 13.50 
Replacing the old currents by the new currents, it becomes 
nA® — nat’ + nga’ + nat’ = 0 


Assuming, say, 1’ in the delta as the magnetizing current to be 
neglected, the equation of constraint may be replaced by the set of 
equations defining a transformation tensor 


a’ c”’ 
42" = q2"" 
oe ov 13.51 
oy Na . 4, Noa Ne\.,, 
Na Na Na 
(d) Hence the resultant transformation tensor is C1-C2 = 
a1 
bi 
C= ¢c, 13.52 
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XIV. THE IMPEDANCE TENSOR 


Once the transformation tensor C has been established, the remain- 
ing work is the same as in any other mesh network. 

(a) The impedance tensor of the first four-winding transformer and 
one of the loads before interconnection is 


13.53 


The impressed voltage vector is 
a1 bi cy dy fe 


e= ¢a|0|0| ea| 0 13.54 


where é, is the star-to-neutral voltage. 

(6) After interconnection and ignoration of the magnetizing cur- 
rent the new components of the impedance tensor are found by 
C;-z-C as 

a’ c”’ 


Zo—d(Ni + Mi) —aZq-» + Za-c + NoZa-a 


—aNiZp~a + NiZe-a 


ee z 4 13.55 
—a’Zq~4 + Zac + N2aZa-a | Zo-c — Zo-a( Nea + Nea) 


—a®NiZp_a + NiZe-a +Ze-a(Ne + N2)+Z | 


(c) The new currents (that is, the currents in windings @ and c) 


are found by i’ = z’~!-e’, where 
a’ b’”’ 


(d) If i’ has been calculated, then: 
1. The currents flowing in the individual windings of the first 
transformer are found by i = C-i’, that is 
ry bi Cj dy fo 
i= Nis?" -}- Nat" | 48"? 13.57 


2. The voltages induced in the individual windings of the first 
transformer are found by e = z°C-i’ (where z-C has already been 
calculated in finding 2’) 
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a1| NiZq-at*”” + (—aZq-» + Zac + NaZe-a)i*” 
bi | (Ze-b + NiZp—a)#*”” + (Zo-c + NaZp-a)s”” 
zeCoi’ = 1 | (Zac + NiZo-a)#*” + (—aZp—c + NaZe-a)*”” 13.58 
di Za-at?” + (—0Zp~a + Ze-a)8”" 
fs ze" 


XV. HEXAGON PHASE-SHIFT AUTOTRANSFORMER 


As another example consider the auto-transformer connection of 
Fig. 13.9. 


1 2 


STW tr Wr « 


Fic. 13.9.—Hexagon Phase-shift Autotransformer 


To take care of the impressed voltage across the leads it will be 
assumed that an impedance Z, of zero value is in series with it. The 
twelye windings, the loads, and the leads form six meshes, hence it is 
sufficient to assume 6/3 = 2 new currents, say 1° and 2’. They are 
assumed to flow in two of the horizontal windings. The new currents 
in the remaining horizontal lines and in one load and lead (forming 
one-third of the windings) are also shown. The relation between the 
old and the new currents in the windings of the first transformer 


(horizontal lines) is a’ (Oe 
pat je’ 
Ri i’ 
= gs" 
if¢ = —gie’ 13.59 
v= oe — 
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The equation of constraint for the first transformer before inter- 
connection is 


Nol? + ny? + n2° + nt = 0 13.60 
In terms of the new currents 


nei + ni’ + n.a712’ -- ngai*’ = 0 
or 
(na + a2n, — angi” + nw’ = 0 


Neglecting, say, 2°’, the equations of transformation are 


qe” = —n»/ (ng + a2n. — ang) 0” a’ 


ne 


?’ = qe’ fe b’ 


The resultant transformation tensor is 


13.62 


reducing the four-winding transformer to one equivalent coil. 

The impedance tensor z of the primitive transformer and the load 
is given in equation 13.53 with an extra row and column g containing 
all zeros. The remaining work consists of calculating C*-z-C = 2’, 
finding i’, etc. 

A few examples of C of balanced three-winding transformers is 
given in Tables 13.1 and 13.2, and that of a nine-winding transformer 
is shown in Table 13.3. 


XVI. ‘‘BARRED” AND ‘‘ UNBARRED ” INDICES 


(az) It was shown that when the transformation tensor contains 
complex components the transformation formulas of the various geo- 
metric objects are more complicated. In particular the transformation 
formulas contain in addition to C and its inverse C—, also their con- 
jugate, namely, C* and C-*. 
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In index notation a convention is introduced to denote whether C 
or its conjugate is to be used. An index that is to be transformed by the 


INSCRIBED DELTA 


TABLE 13.1.—Balanced Three-phase Multiwinding Transformers and their 
Transformation Matrices 


First column—C, showing interconnection of coils 
Second column—(C, neglecting magnetizing currents 
Third column—C representing their resultant 


conjugate of Co or Ce’ will be written with a bar over it as e; and will be 
called a ‘‘barred"’ index. Otherwise an index is left unchanged and will 
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be called an “‘unbarred” index as 1*._ Hence, according to their trans- 
formation formulae 13.13, Zag is to be written as 25g and y* as y. 


t tee ae OE 


ne fe: an) 


Nyt ane 


ZIG-ZAG _AUTO-TRANSFORMER 
TABLE 13.2.—Balanced Three-phase Multiwinding Transformers and Their 
Transformation Matrices 


First column—C, showing interconnection of coils 
Second column—Cz neglecting magnetizing currents 
Third column—C representing their resultant 


(It is customary to use a ‘‘dot’’ in place of a bar over an index as 
e., but for printing and writing exigencies the bar will be preferred.) 
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(b) When the conjugate of a geometric object is taken, all barred 
andices become unbarred, and vice versa. For instance 


(C2)*= C2 or  (e,)* =e, 13.63 
(Za8)* = Zap or (-y28) * a yr? 13.64 


© 
" 


ig-zag Transformer and Its Transformation Matrix C 


N 


TABLE 13.3.—Quadruple 


(c) That is, in index notation not only upper and lower indices, but 
also barred and unbarred indices, have to be distinguished in order to 
indicate the formulas of transformation of the various geometric 


TENSOR AND SPIN INDICES 349 


objects. Hence the transformation formulas of some of the tensors hitherto 
antroduced, if the transformation tensor has complex components, are 


i fae C.j’ 4% nas C2, 4’ 
e = C,-e’ @e = Cx ex 
z! = C,-z-C Zu! _= fa Cz, cé, 
=“ Pee F 13.65 
y= C-! “y°C, yo’ 8 oa 8 Cc Cs’ 
C’ = Cj'-C-Ce Co SC’ Co 


It should be noted that the transformation formulas of tensors 
follow automatically from the indices. It may also be noted that, 
whenever C, occurs, it occurs as a conjugate C,. 

These formulas reduce to the formulas given in equation 6.17 when 
Ce does not contain complex components. The transformation 
formulas of 2* and C&. are the same as before, since they contain no 
barred indices. 

(d) It should be expressly noted that in each term of every equation 
not only the upper and lower indices but also the barred and unbarred 
andices are balanced. ‘That is: 

1. The free index in each term is either each barred, or each 
unbarred. 

2. The two dummy indices are either both barred or both unbarred. 

An invariant transformation in which some of the components of 
the transformation tensor are complex numbers, will be called a 
“spinor transformation.” 


XVII. TENSOR AND SPIN INDICES 


(a) Tensors in which both barred and unbarred indices may occur 
are also called “Hermitian tensors’’ (after the mathematician Hermite). 
Also they are called ‘‘spinors.'’ The indices themselves (that may be 
either barred or unbarred) are called ‘‘spin indices.” 

There are geometric objects in which an index is independent of 
whether the transformation tensor has complex components or not. 
Such indices are called ‘‘tensor indices.”’ The same geometric object 
may have both tensor and spin indices. All indices used in this chapter 
are spin indices; those used in previous chapters are tensor indices. 
When both types of indices occur together in the same tensor, the spin 
indices may be denoted by capital letters, the tensor indices by lower- 
case letters. 
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(6) Hence hitherto the following types of indices have been 
introduced: 


. Fixed and variable. 

. Free and dummy. 

. Covariant and contravariant. 
. Open and closed. 

. Individual and compound. 

. Barred and unbarred. 

. Tensor and spin. 


ITA ON PP WN = 


Each of these indices attracts a different type of transformation tensor. 
(c) The equations of performance (in terms of spin indices) of 
mesh junction and orthogonal networks are respectively 


13.66 
13.67 
[ Bates = soa? +) | 13.68 


When it is not intended to use transformation tensors with complex 
components then the spin indices are replaced by tensor indices (by 
simply leaving out the bars). 

(d) The equation of power in terms of spin indices is 


P = et" = | P = egi* | or [P = Fal*| 13.70 


It should be remembered that e; and Ez originally have barred 
indices. Hence wherever they appear without bars it means that their 
conjugate ts taken. Hence if the indices in the last equation are spin 
indices, they show that in calculating power the conjugate of e, or 
E;, has to be taken. 


XVUI. WEIGHTED TENSORS * 


In the previous sections a tensor has been defined as a geometric 
object whose transformation formula contains only C%- or its inverse 
Ce’, one for each index. 

When the transformation formula of a tensor contains in addition to 


* The next two sections may be left out at the first reading. 
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Ca and Ca also a scalar (say a number or a function) then it is called 
a ‘‘pseudo-tensor."’ For instance, if 


Zap = 2gCaCork 13.71 


where k may be 5 or log x, then Ze is not a tensor but a pseudo-tensor. 

A special case of pseudo-tensors is of importance. Jf the scalar k 
as equal to the determinant c of C& raised to the “p-th power, then the 
pseudo-tensor 1s called a “weighted tensor,” or a ‘tensor of weight p.”’ 
In physical problems the ‘tensors of weight one,”’ also called ‘‘tensor 
densities,’ are of special importance. Hence when: 


k = any function -———— _ pseudo-tensor 
k= cP ———)> tensor of weight p 
k= C ———> tensor density 


Weighted spinors contain in their transformation formula also c* 
raised to the q-th power. 

In electrical engineering problems weighted tensors occur for instance 
when a change is made from three-phase to single-phase or to two-phase 
quantities, in general whenever the attention temporarily is restricted to 
a part of the system under consideration. 


XIX. WEIGHTED SPINORS 


(a) Weighted spinors are introduced when the original defini- 
tion is used for the method of symmetrical components, that is, when 
the new sequence variables 1°, 1', and 17 represent phase currents and not 
4/3 times their value. Such a definition is often convenient. In that 
case 


a b Cc 


that is, the factor 1/+/3 is missing in the definition of C. 
Owing to this difference in the definition of C, the original expression 
for power in terms of sequence quantities 


P’ = eot® + e324! + e917 13.73 
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represents the power input into one phase and not into the whole system. 
On the other hand, the power in terms of phase quantities 
P = egt* + ent° + et? 13.74 


represents the power input into all three phases. Hence in the original 
definition the equation for the invariance of power is 


P = egi® = 3eqi® = egit™k = P! 13.75 


containing the scalar k = 3. 
Since the linear form for power contains a scalar, the transformation 
formulas of the various spinors will contain this scalar in some form. 
(b) Originally it is assumed that the variable 7? is transformed by 
the given Cg as 7* = Cg” without containing ascalar. Substituting 
it into equation 13.75. 


CqgCri® = ei" k | e*-C-i! = e’*-i'R 
Cancelling +” 
CxCe = Cak | e*-C = e’*k 
Multiplying both sides by the inverse of C2. 
Cy = Cg Ca'k | e* = C,!-e’*k 


Taking the conjugate of both sides 


og = hey | [= sere] 13.76 


a& = 3e=.C2’ | e¢ = 3C, '*-e’ 


Hence e, is a weighted spinor. 

The determinant of the transformation matrix C2’ = C-!* is 
a — a? = jx/3 = c. Hence the scalar k = 3 is equal to cc*. 

It should be noted that the value of 3C;''* is the same as that of 
C hence also in the original definition the voltage vector is transformed 
the same way as the current vector. 

(c) To find the transformation formula of 25, as a weighted spinor, 
the reasoning of Section IIIb is used. Given 


ea = Zapt” 
Replacing 7° by C31" and es by e5C2’k* 
er Cik* = zagChi” 


Oa! = tapCarCark* 14" 
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Since in the new reference frame 
at = Z4'pt 


the transformation formula of 2, is 


13.78 


showing that 23, 1s a weighted spinor. 

(dq) Hence, tf the original definitions of the method of symmetrical 
components are retained, then all spinors become weighted spinors, since 
an a three-phase problem the attention 1s restricted to one of the phases only. 


CHAPTER XIV 


JUNCTION NETWORKS 


I. DUALISM OF PHYSICAL PROBLEMS 


(a) In the analysis of physical phenomena it is found that many 
(if not all) measurable quantities, laws, and methods of reasonings 
occur 1m pairs that are in a certain rectprocal relation to each other. 
Electric field and magnetic field, waves and particles, matter and 
energy, etc., are all manifestations of the dualistic side of nature. In 
electrical engineering problems such dualistic relations exist, for 
instance, between voltage and current, impedance and admittance, 
shunt and series connections, etc. 

The advantage of the recognition of such dual properties is that 
all equations, all reasonings can be duplicated in terms of dual quantities 
without going through all over again the same proof and that new rela- 
tions can be eastly discovered by simple analogy. 

(b) It will be found, that, whatever reasonings and equations have 
been established for mesh networks, all can be repeated in a dual form for 
junction networks. The following dual expressions will have to be 
interchanged in the reasonings and equations: 


. Mesh and junction-pair (not junction). 
. Coil and junction. 

Short circuit and open circuit. 

. Series and shunt. 

. Voltage and current. 

. Impedance and admittance. 

. Covariance and contravariance. 


IA NP W dH 


(c) Among the geometric objects hitherto introduced the following 
dual quantities exist: 


1. The dual of e isI (en —I ) 

2. The dual of i is E (ie — Ez ) 

3. The dual of z is Y (23 —> Y**) 

4. The dual of Cis C;~' (CZ. — C2’) 
354 
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II. ALL-JUNCTION NETWORKS 


(a) First the case of m coils arranged in nm junction-pairs will be 
analyzed in detail. The analysis of m coils arranged in less than n 
junction-pairs (of far greater practical importance) is a special case 
of that of an all-junction network. 

Again the only limitation put upon the physical nature of the coils 
connected together 1s that they are linear and that Y is not a function of 
Ior E. The limitation is put upon the nature of their interconnections 
that at the instant under consideration they are rigid. That is, the 
components of the transformation tensor C are constant and not functions 
of tume. 

(b) Fig. 14.1 shows seven different ways of arranging six coils to 
form a network with six junction-pairs. It should be remembered 
that the number of junction-pairs is equal to the number of junctions 
minus the number of 
independent sub-net- 
works. 

A junction-pair con- 
sists of any two junc- 
tions selected in an 
arbitrary order on the 
same sub-network. It 
is assumed that a diff- 
erence of potential EZ’ 
appears between these 
two junctions and that 
a current I’ enters the 
network through the 
first junction and the 
same current IJ’ leaves 
the network at the 
second junction of the 
junction-pair. 

(c) In the study of mesh networks it was shown that a ‘“‘branch 
current” may be replaced by a hypothetical ‘“‘mesh current’’ by assum- 
ing the branch currents to continue thei flow in a closed circuit. 
This replacement does not change the equations, only the physical 
interpretation of the current 1. 

A similar change in the physical interpretation of I may be made in 
junction networks, where the “junction currents’’ entering the net- 
work at the junction-pairs may be assumed to continue their flow 


Fic. 14.1.—Various Types of Interconnections of Six 
Coils into Six Junction-pairs 
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through the network. The hypothetical circuit traced through the net- 
work from one junction of a junction-pair to the other 1s called an “open 
mesh.’ Just as the hypothetical ‘‘mesh current’’ has a physical exist- 
ence only as it flows through its respective branch, similarly the 
hypothetical ‘‘open-mesh current’’ has a physical existence only in 
the leads of its respective junction-pair. 

The manner of determination of the open mesh belonging to a 
junction-pair will be shown in the study of orthogonal networks. 

(d) In setting up the equations it will be assumed that known 
currents I are impressed across the individual coils whose self- and 
mutual admittances ¥Y are also known. The differences of potential E 
which appear across the coils due to the impressed currents I will be 
investigated. In order to do that the equation of current I’ = Y’-E’ 
expressed along the junction-pairs will have to be set up; then that may 
be solved for E’ (if no other manipulations are needed). That is, 
now the voltages across the junction-pairs E’ are the ‘‘vartables”’ instead 
of the mesh currents i’. 

Although there are 2 coils and 2 known impressed currents across 
them, still the » unknown differences of potentials appearing across 
the coils are not independent of one another. It is sufficient to set 
up and solve the equations for as many differences of potentials as 
there are junction-pairs, and the remaining ones can be immediately 
determined from these. The situation is analogous to that existing in 
mesh networks where there are coils and » known impressed voltages 
and where the ” unknown currents in the coils may be found by 
setiing up and solving the equations for only as many currents as there 
are meshes. 

(e) Instead of assuming I as an impressed current and E as the 
difference of potential due to it, the problem may also be stated that 
I is a current flowing into the two junctions of the various coils due 
to an applied voltage E across each coil. Or it may be stated that I ts 
a current flowing into some outside loads Zz, or Y, (which, however, do 
not appear in the equation or on the diagram) and E 1s the difference of 
potential appearing across the loads. The first method of statement 
will be preferred in setting up the equations to emphasize the analogy 
with the mesh analysis, where e is considered as the impressed and 
i as the response quantity. Hence in junction networks I is the 
impressed and E is the response quantity. Of course, in the mantpula- 
tion of the equations any variety of impressed and response quantities 
may occur. 
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Il. THE INVARIANCE OF POWER 


(a) It should be noted that, if the same currents I are impressed 
into the two junctions of each corresponding coil of the various net- 
works of Fig. 14.1, then the same differences of potential E appear across 
corresponding coils since through each coil only the current impressed 
to its junctions may flow, the remaining coils being open-circuited. 
Hence the power input I-E, a linear form, remains ‘invariant’ under 
the various interconnections of n coils into n junction-pairs, that is 


7 


(6) Also just as in all-mesh networks all the different types of 
networks of Fig. 14.1 have the same equation of performance I = Y¥-E 
af the differences of potential E, appearing across each coil are assumed 
as the variables. But as soon as different £, are assumed as variables 
the equations become different for each network. 

In other words, the key to the possibility of transforming the equa- 
tion of performance of any network of Fig. 14.1 (say that of the first 
one) to that of any other all-junction network is supplied by the fact 
that each network has one and only one reference frame in which the 
equation of the superimposed electromagnetic quantities is identical. 

That is, all the networks are different, but the equations of the super- 
amposed electro-magnetic phenomena are identical for the different net- 
works, tf one particular reference frame 1s selected on each network. 
These particular reference frames (the junction-pairs across the individual 
cotls) serve as ‘‘bridges”’ across which it is possible to pass from one net- 
work to any other network. 


IV. THE ADMITTANCE TENSOR Y’ 


(a) Let the all-junction network of Fig. 14.2(a) be given in which 
a different set of currents I is impressed across each coil. 

Its primitive junction network is shown in Fig. 14.2(5) having 
asymmetrical mutual admittances between, say, Y”, Y?¢ and Y@, Yee. 

The method of analysis of junction networks follows step by step 
the analysis of mesh networks with the difference that the dual quanti- 
ties (shown in Section I) are interchanged. 

(b) The first step is to set up the geometric objects and the equation 
of performance of the primitive junction network. Its equation of 


current is 
| 42 
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where 
a bc dad ff g 


a bc dad f g 


E=|£,| %| z Ea | By | Ee 14.4 


14.5 


(c) The effect of the interconnection of the cotls is to introduce addt- 
tional junction-pairs into which currents may be impressed or across 
12 which loads may be connected. It 

should be noted that in the primitive 

network of Fig. 14.25 at no other 


ga points can currents be impressed 
1° 3 ve § except at those shown. 
: yer In the new network of Fig. 14.2 
TIO there is a large variety of ways in 
Ec , Ea }, E¢ 
B yee B yd If ? 1> ba 1d if 19 
2 12 
Eg Ep 
19 y> Yee yob yoo  ydd syff y9g 
(a) Given all-junction network (b) Its primitive network 


Fic. 14.2 


which the six new junction-pairs may be selected across which the 
new currents I’ are impressed. The selection depends on the require- 
ment of the problem. Let the six independent junction-pairs shown in 
Fig. 14.3 be selected arbitrarily. It should be noted that each junction 
is covered at least once. 

It should be remembered that, if the two junctions of each coil are 
selected as the junction-pairs of the new network, then the equation of 
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current of the primitive network I = Y-E can be used for the new 
network without any change. 

(d) To set up a relation between the old and the new voltages E 
and E’, first the differences of potentials appearing across each individual 
coil in terms of the new impressed voltages have to be found. 

For this step Kirchhoff’s second law is used, that: ‘The sum of the 
voltages around a closed mesh 1s zero.”’ 


1c 
e 
| 
| 
{ 
Ec' = 
: = > : Ea tEgn “Ey! -Eqg 
2 1?’ | 
Ee U Ee : ‘ 
b 9 ¢ Eg 
1 ee 2 ; re 
Eqd' | 
1 | 
: S yd Ea! | 
7 y2 10° Pree: 
v99 . bb ' 
DOU DOC 2 2 pe Raa Vi 
E¢! 12 ae Eg'-Eq'-Ep' -Eq! 
3f" P Fic. 14.4.—Differences of Potential 
Fic. 14.3.—Assumed Junction-pairs Across Individual Coils 


The differences of potentials appearing across each coil are cal- 
culated in Fig. 14.4 by: 

1. First drawing between the junction-pairs the assumed new 
voltages E’ with their proper signs. 

2. Then finding the voltages between the two ends of each coil in 
terms of the new voltages E., E,, etc., by assuming that the sum of the 
differences of potential in any closed circuit 1s zero. The closed circuit 
need not follow the coils. (That is, the closed circuits do not form 
meshes. ) 

(e) Equating the differences of potentials appearing across each 
coil before and after interconnection, the following equations may be 


set up a’ b’ c’ d’ f' g’ 
E,= ny OPE eee Te oy ca a 
esha hy =F BBs b ae 
ag one Ce 7 14.6 
Ei= Ey +Ey d z 
E,= E,. f 
| Ey g 
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representing the equation of transformation of the variables 


| eee) ws 


Hence the coefficients of the new variables represent the transposed inverse 
transformation tensor, C;'. The determinant of its matrix is not zero. 
(f) Once the inverse transformation tensor C-! has been estab- 
lished, the new components of the geometric objects of the new net- 
work Y’ and I’ are set up. 
The new components of the admittance tensor are found by 


8 


ya + yee — yee 
— pect yee 


If the mutual admittances are the same in both directions, this 
matrix is symmetrical. 


V. THE CURRENT VECTOR I’ 


(a) The new components of the current vector I’ are found by 


l= C-!.] | | qe’ = CYT | 14.10 


a’ b’ c’ d’ f’ g’ 


r-| _jP [-n-Psrrl-r-Parse r-r+rr+r| 14.11 
ve Ye dW ff g’ 
Y= wire le |e le 14.12 
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That is, if across the individual coils is impressed J*, J*, ---, then 
through the various junction-pairs (in at one junction and out at the 
other junction) flow —J*, —J¢ — J® + J, etc. 

The admittance of these coils, whose currents meet at a junction to 
build a junction-current, forms the diagonal components of the 
admittance tensor Y’. For instance, by equation 14.12, J/’ is built 
up from J*, —J*, and J#; hence the three admittances Y*, Y«, and 
Yee (and any mutual admittance between them) form the f’f’ diagonal 
component of Y’. (In 
mesh networks the im- 
pedances of those coils 
whose impressed volt- 
age add up to the mesh 
voltage form the diago- 5 Sa 
nal components of the 


impedance tensor 2’.) 
(b) This last step of (a) Current impressed (b) Coil current in terms of 
across a coil junction-pair currents 


Fic. 14.5 


calculating I’ from I is 
used whenever a current 
1s impressed (or a load is connected) not across a junction-pair, but across 
aco. For instance, it may be possible that the only current impressed 
in the present example is J* as shown in Fig. 14.54. However, the 
two junctions of coil Y° are not assumed as a junction-pair whose 
voltage is chosen as a variable, hence J* cannot be assumed to be 
a component of I’. The value of I’ with J¢ alone impressed is by C7! -I 
ae b ce a ff g’ 
v=|o0/o0j]o0]r|-r] 0 14.13 


That is, Z* forms part of two different impressed junction-currents, 
analogously to mesh networks where one impressed voltage in series 
with a coil may form part of several mesh voltages. Fig. 14.55 shows 
how I* forms the impressed currents on two junction-pairs d’ and f’. 
Through the other junction A the resuliant current is of course zero. 

(c) If the two junctions through which the impressed current 
flows do not form a junction-pair and are not connected together by a 
coil then 2 ts assumed that a coil with zero admittance connects the two 
junctions so that the primitive junction network has one additional 
coil. This assumption is analogous to that used in mesh networks 
where a coil with zero impedance is assumed in series with an impressed 
voltage in the absence of an actual coil. (Two junctions that are not 
connected by a coil, but have currents impressed on them, may be 
assumed to form an ‘‘admittanceless branch” or an “‘apparent coil’’). 
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(d) The equation of current is established as 


representing six ordinary equations. 

In many practical problems this equation is subdivided into at 
least two invariant equations. 

(e) When the currents I’ flowing through the junction-pairs are 
known, the differences of potential E’ appearing across the junction- 
pairs are found by 


| Ee’ _ Z' I’ | | | Ey = Zyryt”’ | 14.15 


where Z’ is the inverse of Y’. 

Once the unknown differences of potentials at the junction-pairs 
E’ have been found, the quantities existing in each individual coil 
may be calculated with their aid. 

(f) The differences of potential appearing across each individual 
coil are found by the equation of transformation of E 


E = C,!-E’ | Ew = C* Ey: 14.16 


already given in equation 14.6. 
The currents I flowing in the individual coils are found from 
-I = Y-E by replacing I by I, and E by C, '-E, giving 


I, = Y-C,’-E’ | Iu = Yu''Ch. Ey = 14.17 


where the matrix ¥-C, * has already been calculated in equation 14.9. 
(In an all-junction network I and I, are numerically equal). Hence 


I, 


a Y°(— Ey + Ee — Ear + Ey) 
b} Y(— Ey — Ey — Ea + Ege) + Y°4(Ey + Ear) 
c Y"(Eae — Ey) + YREx 
14.18 
dj Y4(Ey + Ear) + Y?( — Eq — Ey — Eu + Ey 
f YE, 


g Y88E pe + V8°(Ea — Eye) 


(g) If the transformation tensor C;' is singular, the self- and 
mutual impedances of the individual coils Z are found from those of 
the junction-pairs Z’ by 
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VI. SUMMARY OF STEPS 


The steps of setting up the equation of current of any junction 
network parallel the steps of setting up the equation of voltage of a 
mesh network except that each concept is replaced by its ‘‘dual’’ concept. 

(a) The primitive junction network and its geometric objects Y, I, 
and E are first established: 


1. The primitive network consists of all coils of the given network 
open-circuited. 

2. The admittance tensor Y¥ of the primitive network is set up 
containing the self- and mutual admittances of the individual coils. 

3. The current vector I contains the currents entering and leaving 
each coil. 

4. The voltage vector E contains the various differences of poten- 
tials (known or unknown) appearing across each coil. 


(6) The next step is to set up the transposed inverse transformation 
tensor C;’ changing the primitive network into the actual network. 


1. Assume as many independent differences of potentials E’ 
between the various junctions as there are junction-pairs in the system. 
The two end points of each voltage represent a junction-pair. 

2. Write along each coil the differences of potential appearing across 
them, expressed in terms of the assumed new E’, by using Kirchhoff’s 
Second Law. 

3. Equate the old and the new voltages appearing across each 
individual coil. There are as many equations as there are coils. The 
left-hand side contains the old voltages, the right-hand side the new 
voltages. 

4. The coefficients of the new voltages E’ form the transposed 
inverse transformation tensor C;', representing mathematically Kirch- 


hoff’s Second Law. 


(c) The next step is to find the new components of the geometric 
objects Y’ and I’ and the equation of current of the new system. 


1. The admittance tensor Y’ is found by the transformation 
formula, 


Y’ = C-1.Y-cC;! | Yur! yec"'cr 14.20 


2. The currents impressed across the new junction-pairs are found 
by the transformation formula 


I’ =C-!.] | I“ = Cw’y« 14.21 
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3. The equation of current of the new network is established as 
I’ = Y’-E’ | Iv'= Yv'ER, = 14,22 


(d) Once the equation of performance of a system has been estab- 
lished it is subjected to all types of manipulations depending on the 
problems at hand. 

When the equation of current is treated us one unit without sub- 
division, the unknown differences of potentials appearing across the 
assumed junction-pairs are found in two steps: 

1. The inverse of the admittance tensor is calculated, giving the 
impedance tensor 


Z) 2 y> | Zorw = (Y*'*’)-1 14.23 
2. The unknown differences of potential are found by 
E! = Z’-)’ | - Ey = ZywI™ 14.24 


The unknown quantities of the individual coils may be found with 
the aid of E’ as follows: 
3. The differences of potential across the individual coils E are 
found by 
E = C;!-E’ | E, = C’E, 14.25 


4. The currents flowing in the individual coils I, are found by 
I, = Y-C,'-E’ | [Iu = Y"''CL Ey 14.26 


where Y-C;! has already been calculated in finding Y’. 
5. The self- and mutual impedances of the individual coils are 


c= Cr }.Z'-C-1 | Zev = aC, C,. 14.27 


(e) In direct notation it is advantageous to replace C, —' in all equations 
by a new symbol, say A. In terms of A all transformation formulas of 
mesh networks may be used for the corresponding dual quantities of 

*-1 


junction networks if C,~° everywhere is replaced by A, also C~ by 
A; and soon. For instance: 


z’=C)-z-C + Y’ = A;-Y-A 14.28 
yo = C+y’-C; >Z, = A-Z’-A; 14,29 
e'=Ce —-l' = Al 14.30 


i = C.i’ —~E =A-EF’ 14.31 
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VI. THE EQUATIONS OF CONSTRAINTS 


(a) Let it be assumed now that in the previous network of Fig. 
14.3 three of the gunction-patrs are short-circuited as shown in Fig. 14.6 


Fic. 14.6.—Short-circuiting Three of the Fic. 14.7.—Differences of Poten- 
Junction-pairs tial Before the Short-circuit 


so that three junction-pairs exist in place of six. Short-circuiting the 
junction-pairs is equivalent of making the differences of potential 
appearing across them equal to zero. That is, the short-circutting of 
the three junction-pairs 1s equivalent to introducing the following three 
equations of constraint that must exist between the six new junction- pairs 
(See Fig. 14.7.) 

Ea = 0 


| ED CP RR Za OG ce 14.32 
Ey — Ey — Ey =0 


With the aid of the three equations of constraint three of the 
variables may be eliminated, say E,, E,, and Ey as 


Ee = 0 
Ey = Ey + Ev 14.33 
Ey — Ew = Ea 


leaving as new variables E., Ey, and Ey. Substituting these equations 
into the equations of transformation 14.6, the relation between the 
old and the new variables becomes 
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Ea = —Ey — Ey 


Ey = — Fy 
E. = Ea 
Crpi= 14.34 
Ea = Ew + Ea 
Ey= EE, + Ev 
E, = —Ea Ea 


The coefficients of the new variables give a singular inverse trans- 
formation tensor having as many columns as there are new variables, 
namely three. 

The method of analysis from now on 1s the same as in case of a non- 
singular (square) inverse transformation tensor. The new admittance 
tensor Y’, however, will have three rows and columns instead of six, etc. 

(b) The new components of the admittance tensor are found from 
those of the primitive network, equation 14.5, by C-!-Y-C,;’ as 

a’ b’ d’ 


aa ce =e Sf 
a’ * + ey yal a oe Lid 


Y’ = b’ yoo 4 y/f yoo 4 ydd 4. yif 


d’ — yed 4 ydd 


The new components of the current vector, entering and leaving the 
junction-pairs, are C-!-J] = 
a’ b’ d’ a’ b’ d’ 


l’ = —P4r4h—r| + i4r —yo4 yey ye] = | re’ | 7 | re 14.36 


The equation of current of the new network isI' = Y’-E’, and so on. 


VII. SINGULAR TRANSFORMATION TENSOR 


(a) Again instead of setting up equations of constraint to represent 
the short-circuiting of junction-patrs, 1t 1s possible to assume right at 
the start as many new variables as there are junctton-pairs and follow 
the analysis of Section IV as if the inverse transformation tensor 
C;! were non-singular. 

It should be remembered that the number of junction-pairs of any 
network is equal to the number of coils minus the number of closed 
meshes, 
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Similarly, any formula developed in terms of C-! is valid for both 
singular and non-singular C—!. However, formulas in which the 
anverse of a singular C—! is needed should not be employed. 

(b) As an example let fifteen coils be interconnected into the net- 
work of Fig. 14.8 having five junction-pairs and ten meshes. Assuming 
no voltage impressed im series with the coils, the network is primarily 
a junction network, since it has far fewer junction-pairs than meshes. 

Let it be assumed that two currents ure impressed across the network. 
The first, J’, enters the network at junction A and leaves it at junction 
C. The second current J° enters the network at junction E and 
leaves it at junction F. In other words, let it be assumed that the two 
junctions of coil Y® are, say, the input terminals and the two junctions 
of coil Y* are the output terminals of the network. The question is, what 
are the differences of potentials appearing across the input and output 
terminals? 

(c) The steps in setting up its equation of current are the following: 


1. Its primitive network consists of fifteen open-circuited coils. 
2. The admittance tensor of the primitive network is 


123 4 5 6 7 8 9 10 2 12 13 14 #15 


»< 
i 
oo N oO uM Pe Ww ON 


14.37 
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assuming asymmetrical mutual admittances, say between Y* and Y? 
and between Y° and Y®. This tensor is not symmetrical. 
3. The current vector impressed on the primitive network is 


12 3 4 5 6 7 8 9 10 1 12 13 14 #15 


14.38 


(d) To set up the transformation tensor the following steps are 
taken: 

1. The five junction-pairs to be assumed are shown in Fig. 14.9. 

2. The differences of potentials appearing across each cotl are also 
shown in Fig. 14.9. 

3. Equating the old and the new differences of potential appearing 
across each coil, the following fifteen equations may be written (by 
comparing Figs. 14.8 and 14.9): 


vag x 4 5’ 


E, =£;- 1 
E2 = E2 2 
Es Es: 3 
EF, = Ey 4 
Es = Es 5 
Ee =E\-+E2+H3+Ey +s: 6 
Ey =£y +£2 7 
Eg =£;-+ E2+ £3, C;' = 8 
Eg = E+ E2+E3-+ Ea 9 
Ei0= Ea + £3: 10 
fu= Ey t+ Eg + Ea 11 
fi2= Eo +£3-+ Ea + Es. 12 
FEi3= E3+ Ea 13 
Eu= E3:+ Ey +E: 14 
Fis= Ey +Es 15 


14.39 


4, The coefficients of the new variables give the transpose inverse 
transformation tensor C,;?. 
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(e) The next step is to find the equation of current. 


Fic. 14.9.—Differences of Poten- 
Fic. 14.8.—Junction Network tials Across Individual Coils 


1. The admittance tensor is found by C-!-¥-C,;! or by A, Y-A as 


1’ 2! 3’ 4’ 5’ 
8 
1 Pty ty, oe yo4y8iy? | yopyesys| ys4 ys 
+ ¥? 4 
a eS mse Re a esis Canes 
p84 ys4 ys 
yt4 y84 y? ye4 ye4 yi 
Y=3'| yopyepye |p yop yn FEY Tye ys sik 
+y" 4 yis4 yl +y"* 
Q yopyep yu | Yt vty | voy 
al yepytpye | PU tees) PEt he| +¥e+y! 
+Y +y! + y's 


yo+ ye4 yl2; yo+4 ye4 yle 
+ yi44 yis + yi yis 


14.40 


s} yepyt | ywpyspyn) PEE Pee 


2. The new components of the impressed current vector, entering 
and leaving the junction-pairs, are by C~!-I = Ay-I = 
1’ 2’ 3’ 4’ 5! 


The current impressed across coil Y’ is part of two impressed 
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junction-pair currents I)’ and J?’. The resultant current through 
junction B (belonging to both junction-pairs) is zero. 

3. The equation of current isI’ = Y’-E’ representing five equations 
with five variables E’. 

(f) If the currents flowing into the junction-pairs I’ are given, 
the voltages to be applied at the junction-pairs E’ to produce I’ are 
found by E’ = Y~-!-I’, that is, by calculating the inverse of Y’. 

In most problems the invariant equation I’ = Y’-E’ is subdivided 
into several invariant equations for further manipulation. 


IX. THE TRANSFORMATION OF JUNCTION-PAIRS 


(a) Just as for mesh networks, when the equation of performance 
of a junction-network had been expressed along some assumed junc- 
tion-pairs, a new set of junction-pairs may be introduced by setting up a 
new transformation tensor C,'. 

The necessity of selecting a new set of variables E” may arise quite 
often. When a network is used in several different types of problems, 


<-_——__.— ¢ 
Ey 

Ad @ 

(6) Old variables 


Ep 


(a2) Given network (c) New variables 


Fic. 14.10.—The Transformation of Junction-pairs 


the various geometric objects calculated for one type of problem may be 
used again in several other problems by simply introducing a new trans- 
formation tensor, instead of starting each time all over again with the 
primitive network. 

(b) As an example of such a transformation let it be assumed in 
Fig. 14.6 that one of the junctions is at ground potential and let the 
difference of potential between the ground and the other junctions be 
assumed as variables. That is, let the three junction-pairs E,, Ey, 
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and Ew of Fig. 14.6 be replaced by another set of three junction-pairs 
Ea, Ey, and Eg as shown in Fig. 14.10a. 

Since several coils are interconnected by admittanceless branches, 
there are only four junction-points shown on Figs. 14.10 band c between 
which differences of potentials can be assumed to exist. From these 
simplified diagrams the relation between the old and the new differ- 
ences of potentials can be set up as 


Ea = = Eq a’| —1 
Ey = Ea mae Eu Cc _ b’ 1 
Eu = Ea + Ey d’ --] | 1 


14.42 


The coefficients of the new variables give C,-'. 

(c) If the admittance tensor Y” of the network along this second 
reference frame is desired, it may be found by C’-!-Y¥’-C,-!, where 
Y’ is given in equation 14.33 

a” b” ” 
yes + yee — yee — yd + yod 


bb. ybd __ ydb 
— yee — yep ye) et 14,43 


y® — ydd | yoo 4 ydd 4 yf 


(d) The new current vector is by C’~!-I’ = 


q”’ b” c”’ 


-we-[P-r -P4+r+e[e—-H-y 14.44 


12+ j>"+ 1°" yb" 


Fic. 14.11.—Impressed Junction-pair Currents 


representing the currents flowing out of the various junction-pairs and 
flowing into the common ground as shown in Fig. 14.11. 
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If the currents I’ flowing into the junctions are known, the differ- 
ences of potential appearing between the ground and the other junc- 
tions are found by E” = Y’’-!.J"" by calculating the inverse of Y’’. 


X. NUMERICAL EXAMPLE 


(2) As a numerical example let the admittances be pure conduct- 
ances Ye = 2, YH = 5, Yo = 6, Yee = 7, YS = 8 Yee = 9, and let 
the three junction-pair currents be 


Then the admittance tensor Y” and its inverse are, by substituting 
into equation 14.43, 


a” b” c” a!’ b”’ co” 
a’’} 0.1094 | 0.02868 | 0.01181 

14.46 Y’-! = b” | 0.02868 | 0.06311 | 0.026 14.47 
c” | 0.01181 | 0.026 | 0.06952 


The differences of potential above the ground are, by Y’’-!-I”” = 


al’ b”’ c”’ 


BE’ = [o.2875 | 0.32137 | 0.36987 | 14.48 


(6) The differences of potential across the individual cotls cannot 
be found by E’ = C,-!-E”, since not E’ but E is the difference of 
potential across the individual coils. However, E may be found by 
E = C;!-C,-!-E” since E = C;!-E’, where C; ‘is given in equation 
14.34. The product of the two transformation tensors of equations 
14.34 and 14.42 is ; 

a” Ld c’’ 


0 


ao - 


" ae oe’ 
C; 1 SG, ae 


14.49 


re =e em 0 
=) 
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giving the differences of potential across the individual coils by 
E = C/-1-E” 
a b c d f g 


E= [o.s6787 | —0.08471 | ~0.23725 | —0.04590 | —0.36787 | 0.32197 | 14.50 


The currents I, flowing in each individual coil are by I, = Y-E 
= Y-C,-1-E” 


a b Cc d f g 
0.42356 | —1.42356 | —0.321295 | —2,94296 | 2.89774 


I. 


14.51 


0.36787 


0.23725 


0.32197 


Fic. 14.12.—Currents in Individ- Fic. 14.13.—Voltage-drops across 
ual Coils Individual Coils 


(c) The correctness of E and I, may be checked by plotting along 
each coil of the network the newly found currents and differences of 
potentials, as shown in Figs. 14.12 and 14.13. They satisfy Kirchhoff’s 
laws. 


XI. PHYSICAL INTERPRETATION OF THE INVERSE 
TRANSFORMATION TENSOR 


(a) It was shown in Section XVII, Chapter VI, that when a net- 
work is interconnected into another network the components of C 
correlate the meshes of the two networks. The inverse transformation 
tensor C, ' (containing only integers) similarly correlates the junction- 
pairs of the two networks. In particular: 

1. The columns of C;' enumerate the old junction-pairs whose 
junctions build up the new junction-pairs. 

2. The rows of C,! enumerate the new junction-pairs whose 
junctions build up the old junction-pairs. 
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(b) When the old network is the primitive network, then: 

1. The columns of C;* enumerate the coils whose two junctions build 
up the new junction-patrs. 

2. The rows of C;' enumerate the new junction pairs to which the 
junctions of each coil belong. 

These physical interpretations play an important part in network 
synthesis where C,;' is given and the network is to be established. 

(c) Considering the electromagnetic quanitttes: 

1. The columns of C;' enumerate the old junction pairs whose 
currents I add up to form the new junction-pair currents I’. 

2. The rows of C;* enumerate the new junction-pairs whose volt- 
ages E’ build up the old junction-pair voltages E. 

(2) When the old network is the primitive network, then: 

1. The columns of C,' enumerate the coils whose currents I build 
up the new junction-pair currents I’. 

2. The rows of C;' enumerate the new junction-pairs whose volt- 
ages E’ add up to form the voltage E across the individual coils. 

The physical interpretation for each group of transformation matrices 
is different. The present interpretation is valid only for the group G; 
(Section VIb, Chapter XI) representing interconnection of coils and 
containing only integers. 

It should be remembered that, in setting up the transformation 
tensors C or C; ' containing integers, only Kirchhoff’s First or Second 
Law is used. 


XII. INTERCONNECTION OF NETWORKS 


(a) Instead of interconnecting individual coils into a system, 1¢ zs 
possible to take several independent junction networks and interconnect 
them into one resultant junction network with the aid of a C,'. Again 
the individual systems to be interconnected 
may be stationary or moving, electrical, me- 
chanical, acoustical, etc., systems. The inter- 
connection of junction networks consists of 
short-circuiting junction-pairs (A-A’) of each 
network with the other im pairs as shown in 
Fig. 14.14. The interconnection changes two 
junction-pairs into one. 

Fic. 14.14-—latercon- Instead of interconnecting several inde- 
nection of Junction-pairs pendent networks, one system may be divided 

anto several component systems by separating 
junction-pairs, and each component network may be analyzed sepa- 
rately, then recombined into one system by a C;'. 
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(b) In interconnecting entire systems again the same steps are fol- 
lowed as 1n interconnecting individual coils, namely: 

1. Find the geometric objects I, Y, etc., of the primitive system 
consisting of the individual systems. 

The admittance tensor of the primitive system is 


Y = Y; + Yo + Ys + 14.52 
The resultant Y has as many axes as the sum of the axes of the 


component system. 
The current vector of the primitive system is 


I= +hk+Iz3+-.:: 14.53 
2. Find the transformation tensor C7’ = C2’, showing the manner 
of interconnection of the component systems. 


3. Find the new components of the geometric objects of the result- 
ant system by 


Y = C-1.(¥, + Yo + Y3 isns aC, * 14.54 


Y=C4(+h+ht+-::) 14.55 


The equation of current of the resultant system is I’ = Y’-E’. 

If the axes of some of the component systems Y; or Yo, etc., do not 
contain some of the junction-pairs that are interconnected, a new set 
of variables is introduced first that includes the needed junction-pairs. 

XIII. EXAMPLE OF INTERCONNECTION OF TWO NETWORKS 


(a) Let the two junction networks of Figs. 14.6 and 14.8 be inter- 
connected as shown in Fig. 14.15. The junction-pairs that are inter- 


Ey , Ea 


Wey 


Es 


Fic. 14.15.—Interconnected Junction-networks 


connected are Es, to E, and E3 to Ew. The other junction-pairs 
remain unconnected. 
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The admittance tensors of the component systems are given in 
equations 14.35 and 14.40. Their sum Y; + Ye is the admittance 
tensor of the primitive system (replacing each component by a single 
symbol) 


14.56 


The current vector along the primitive system is 


1 2 8 4 5 a b @d 
re[rjrjei rl ele] P| 14.57 
(6) The transformation tensor may be set up by noting that the 
interconnection of the two networks consists of: 
1. Changing Es and £, into one junction-pair, say Em, also chang- 
ing £3 and Ez, into one junction-pair, say Ey. 
2. Leaving the other junction-pairs of both networks unchanged. 
Setting up a relation between the old and the new =—, 


o2' 4! ob! om’ 

FE; = Ey’ 1 

E2 = E2’ 2 

£3 = 3 

om ca cpt 14.58 
5 

E. = “y a 

Ey = Ew b 

: . 


The coefficients of the new variables represent C,"*. 


& 
" 
\ 
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(c) The admittance tensor of the resultant system, by C '-¥-C,;"' 
= A,:-Y-A, is 


14.59 


yes 4 yad 


The current vector is by I’ = C-!-I = A,-I = 


1’ 2” 4 m’ .m’ n’ 


l= rl Pp rir 54 ye | 73 + 74 14.60 


(d) When the component systems are expressed along the axes that 
are interconnected (as in the present example), then the step of setting 
up C,' may be dispensed with and the resultant Y' may be found as 
Y; + Yo if the axes to be interconnected are denoted by the same fixed 
indices in Y, and in Yo. 


XIV. DUAL FORM OF THE REDUCTION FORMULAS 


(a) Analogously to mesh networks where the single tensor equation 
e = Z-i can be replaced by a set of m tensor equations, similarly in 
junction networks the single tensor equation I = Y-E can be replaced 
by a set of tensor equations 


I! = Y!.E, + Y!2.E, + Y!5-E3 + --- Y!.E,, 
I? = Y21.E, + Y22.E. + Y23.E3 + --- Y2..F, 
I3 = Y%1.BE, + Y22-E, + Y33-E3 + +++ Y3"-E,, 14.61 


In = Y"!.E, + Y¥=-Eo + Y"?-E3 + +++ ¥""-E 


The manipulation of these equations is shown in Chapters LX and X. 
All equations, theorems, etc., developed in Chapter X for the set of 
linear equations e = z:i are equally valid for the set of linear equations 
I = Y-E by simply interchanging the dual quantities, namely e by I, 
i by E, z by Y, etc. 
(b) For instance, if some of the junction-pairs have no currents 
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flowing through them, the corresponding terminal voltages Ez may be 
eliminated from the two tensor equations 

I! = Y!.E, + Y?-Eo 

0 = Y?-E, + Y*-E> 


by replacing the short-circuit self-admittance Y! of the first group of 
junction-pairs by the ‘‘open-circuit self-admittance”’ 


y’ = y! — y?.y4-1.y3 14.63 


(c) If the second group of junction-pairs have currents I? flowing 
through them, their presence can still be ignored by replacing the cur- 
rent I} entering the first group of junction-pairs by an equivalent 
current I!’ where 


14.62 


Wel — ¥?.yl-.P 14.64 


The additional part of this current — Y?-Y4-!-I? is the short-circuit 
current flowing in the first group due to the presence of Iz in the 
second group. (Since Y4~!-I? are the junction-pair voltages of the 
second group with the junction-pairs of the first group short-circuited, 
and Y? times this voltage is the current induced in the first group.) 
This equation represents the generalization of the dual form of Thé 
venin’s theorem. The difference of potential across the eliminated 
junction-pairs is 

E, = —Y‘*-1.Y3.E, 14.65 


(d) Whenever the reduction formulas are used to eliminate several 
covariant variables E, at one step from I = Y-E, the elimination of 
variables 1s physically equivalent to eliminating several junction-pairs by 
mesh-star transformations. The elimination is possible even if mutual 
admittances exist between all junction-pairs and if impressed currents 
exist across the eliminated ones. 

(e) The admittance of a network between any two (or more) points 
may be found by assuming these two points as one of the junction- 
pairs, then setting up I = Y-E, and finally eliminating all axes except 
those that are needed. 


CHAPTER XV 
MULTIELECTRODE-TUBE CIRCUITS 


I. NON-LINEAR SYSTEMS 


In the various networks so far considered it has been assumed that a 
linear relation exists between the impressed and thc response quantities, 
that is, their equation of performance was considered as having the 
form e = z-iorI = Y-E, where the proportionality factor z or Y was 
not a function of i or E. 

However, in numerous types of networks the relation between the 
impressed and response quantities is non-linear; for instance, it may 
have the form e = 21 + wi? in each coil, so that no such linear relation 
can be established as e = z-i ior the network and the equations of 
performance previously considered have to be extended. 

If the variation of the electromagnetic quantities 1n the non-linear 
system 1s sufficiently small, the relation between the impressed and response 
quantities (both being very small) 1s linear and the hitherto developed 
equations are still valid. Such a case occurs often, for instance in 
multielectrode-tube circuits when they act as amplifiers or oscillators 
and the voltages and currents vary through a small range only. 


Il. THE n-ELECTRODE TUBE 


(a) An n-electrode tube may be considered as an all-mesh 1-twork 
or as an all-junction network. Similarly the connected circuit may be 
analyzed as a mesh or a junction or an orthogonal network. In most 
practical applications the tube ctrcutt has 


9 Ga 9a P : : 
' bk fewer junction-pairs than meshes, hence 
| only the junction point of view will be 
analyzed in detail. 
(a) Pentode —(b) Equivalent (6) Considering a tube as an all- 
Junction Network junction network, tt has n junctions, each 
Fic. 15.1. electrode representing a junction (Fig. 


15.1). The filament acts as a common 
junction from which the other electrodes branch out, so that each 
“coil’’ of the all-junction network consists of the electronic path 
between the filament and an electrode (the filament serving as a 


source of electrons). 
379 
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One of the electrodes is the plate, the others are the grids; but from 
an analytical point of view there is no difference between a plate and a 
grid. They all act as junctions. The filament-heating current does 
not appear in the network, since its value is not pertinent to the analysis 
to follow. The filament appears only as a lead at the common junction- 
point. 

(c) The all-junction network has n — 1 junction-pairs (number of 
junctions minus number of sub-networks). The two junctions of each of 
the n — 1 electronic paths (‘‘coils’’) will be considered as a junction-patr 
so that I represents the instantaneous currents flowing from the 
filament to the various electrodes and E represents the instantaneous 
differences of potential appearing between the various electrodes and 
the filament. 

(d) When a d-c. voltage E, is applied to one of the junction-pairs 
(electrodes), d-c. currents [*, [*, I* «++ appear across each of the 
junction-pairs. As E, varies, the currents J*, [* --+ also vary, but 
not proportionately. Their variation depends on the value of the d-c. 
voltages E,, EZ, --+ existing across the other electrodes, or on the tube 
itself, etc. The curves [* = f*(E,), I® = f*(E,), I* = f*(E,), etc., are 
called the ‘‘static characteristic curves’’ of the tube. 

For each electrode it is possible to draw m such curves for every 
given filament current and for every given d-c. voltage across the other 
electrodes. It will be assumed in the following that all these curves 
I = f(E) are known. 

(e) The equations of a five-electrode tube (pentode) will be devel- 
oped in the following, representing an n-electrode tube. 


I. EQUATIONS OF THE TUBE 


(a) On a pentode let four d-c. voltages be applied across the four 


junction-pairs 
u 
NX a 0b c.)6hOUp 


By =| Ea| Be E, z,| 15.1 


The four d-c. currents flowing into the junction-pairs are 


ae bc p 
r-[r[r|r P| 15.2 


Assume now that one of the terminal voltages, say E,, varies by a 
small amount from E, to E, + AE,. Then all four currents will also 
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vary. One of the currents, say J*, changes from J* to J* + AI*. If 
the curvature of the curve [* = f(E,) in the neighborhood of the given 
d-c. values of E, and J* is neglected, then AJ* is found from the given 
value of AE, by the formula 


Al? = 


AE, 15.3 
where 0I*/0E, represents the slope of the curve J* = f(E,) at the 
given d-c. values of J* and E,. This slope also is assumed to be known 
(Fig. 15.2). 

Similarly, with the variation of Eg, 
the other currents also vary by an 
amount depending on AE, and the slope 
of the particular J* = f(E,) curve. 
The amount of their change is 


al? 
AP = AE, 
dE, 
ale 
AI* = aE, AE. 
ol? 
alias dE. — E+AE 
(>) If all four voltages vary, the oe a istic 
change in J® is 
ale ole zs 
AI? = ~~ AE, + —— AB, T OR AE, +S AE, 


OF OE» 


because each small AE produces its own A/ irrespective of the pi esence 
of other small voltage changes. 

(c) Similar equations apply for other current changes, so that the 
following four linear equations can be set up, representing the change 
in the currents due to changes in the voltages 


ale ale ale gle 
* = 2 AR. + = AB + = AE. + oe AE 
AI 3E.. + 9B, Ts + aE,” 
ol ol [> ol 
Bade e+ —— AE 
Al aE, AE, T oR, RAB + Se AE. + = Pp - 
aa [e : 
A ee + = AB + 5 AR, + 5, AE: 
Es 
ol? en ae aie 
RAL repeal oh a =e 
AI? om oe + aE, AE, + aE, + aE, 
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Iv. ‘*BASIC” AND ‘** DERIVED” TENSORS 


(2) The appearance of derivatives in the above basic equations of 
tubes requires a more detailed discussion of the differentiation of 
geometric objects. 

All geometric objects considered in the previous chapters, namely 
e, i, z, and I, E, Y, have been established by definition. That is, they 
were not derived from other geometric objects but they themselves 
served as the minimum number of basic geometric objects necessary for 
the definition of the electromagnetic phenomenon appearing on linear 
networks. 

When the minimum number of basic geometric objects of a physical 
system have once been established, it is possible to derive numerous 
other geometric objects, called ‘derived geometric objects,’’ from the 
basic geometric objects by various means. One of the purposes of tensor 
analysis ts to establish routine procedures for discovering new ‘‘derived 
tensors” from given “‘basic tensors.” 

(b) In physical systems where the group of transformation matrices 
C contains only constant components as in networks, one way of finding 
new tensors 1s to differentiate the various basic tensors with respect to the 
variables, if they are functions of the variables. 

It is emphasized, however, that, if the components of the trans- 
formation tensors C are not constant, the method of ordinary differenti- 
ation does not yield new tensors. (For such cases tensor analysis has 
developed a new type of differentiation, called ‘‘absolute differentiation” 
or ‘covariant differentiation,’ that does yield a new derived tensor 
from a given basic tensor. Since in this volume all transformation 
tensors C have constant components, no need will arise to introduce 
absolute differentiation. ) 

The basic tensors that so far have been introduced in non-linear 
tube circuits are E and I of equation 15.1 and 15.2, where E = E, is 
the covariant variable. Since I 1s a funciton of E, new tensors may be 
derived by differentiating I with respect to E several times 1n succession. 


V. BUILDING NEW TENSORS BY DIFFERENTIATION 


It should be recalled from Section XVII, Chapter I, that: 

1. An n-tensor 1s differentiated with respect to a vector by differentiat- 
ang each component of the n-tensor with respect to each component of the 
vector. 

For instance, if the 2-tensor has »? components, each of its com- 
ponents is differentiated » times (if the vector has ” components) 
giving a new tensor with n? components. 
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2. Whenever a tensor of valence n is differentiated with respect to a 
vector, the valence of the resultant is n + 1. 

The following statement should be added: 

3. If the vector 1s a covariant vector, that is, having a lower index, 
the resultant has one additional contravariant (upper) index, and vice 
versa. 

For instance 


~~ = uw 15.5 


This last statement can be proved as follows: Let a vector E, 
be differentiated with respect to J°. If u,v, w represent the indices of 
the old axes and w’, v’, w’ of the new axes, then 


dE, aE, al’ 
al’ al’ a” 


However, by equation 6.12 


ar? = 15.6 
therefore 
OF, OFfu ., , - 
al” —_— or’ On — Leal, — Las 15.7 


Hence the new tensor formed from E, by differentiation with 
respect to J* has 1 + 1 = 2 indices, the second extra index being a 
covariant (lower) index v. Its other index u is the same as that of the 
original vector. 

The following statement may also be added: 

4. If a tensor is differentiated with respect to a vector, in general the 
resultant 1s not a tensor. 

For instance, let a tensor E, be differentiated. That E, is a tensor 
is expressed by writing its formula of transformation and performing 
all manipulations on that formula. Let 


By: = By; 15.8 
Differentiating both sides of the equation with respect to I” 


dE OEy acy, 
hed = aoe s a’ sd 15.9 
are ale ©! + ™ are 


for a product of geometric objects is differentiated by differentiating 
each geometric object separately. 
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OF, dE, oly _, acy’ 
are ~ are’ are “* + © aye 
By equation 15.6 
OF, OFw , ~«, acy’ 
are = age 7 Cu + Bw Gr, 
and by equation 15.7 
Les — Lu'y'Cy Cy’ -4- Ew < 15.10 


Hence the transformation formula of dE,/dI° = Zy, is not that of 
a tensor of valence two, owing to the presence of the last term. 

For the present purpose it may be stated that: 

5. Where the transformation 1s linear, that is, where the transforma- 
tion tensor has only constant components, the derivatives of all tensors are ° 
tensors, because all additional expressions in their transformation 
formulas contain 0Cy’/dI*, which are all zero. 

The last two statements are valid not only for derivatives of tensors, 
but also for differentials of tensors. For instance, the differential of a 
vector (1-tensor) in general is not a tensor (shown in Section Xa, 
Chapter VII) so that 
ar = arecy, + 9 

so] ol’ 


In the present analysis the last term drops out, for dC,-/al”’ = 0, 
showing that AJ“ is transformed here as a contravariant tensor of val- 
ence one. 


iv-Ar® 15.11 


VI. THE ADMITTANCE TENSOR 


(a) The transformations to be considered have only constant com- 
ponents; therefore, in the four linear equations 15.4 the various AI 
can be considered as the components of a contravariant vector 


AI = Al", that is, 
us 
xe a b C p 


The various AE can be considered as the components of a covariant 
vector AE = AEF,, that is 


u 
a b c p 


ak, =| Az, | az | Az. a, | 15.13 


The coefficients of E, form the components of a twice contravariant 
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tensor Y = Y**, called the ‘‘admittance tensor,”’ since they are the 
derivatives of a vector J“ with respect to the vector EF, 


al® | al® | alt 
al® | al® | ay® 


Rag 15.14 
ale | al® | ar® | al® 


dEq | OEy | dE. | 8E, 


ol? | or? 


so that the equation 15.4 can be written in index notation as 


(b) Y*“* can also be written as 


ur — ol” 
y= 3E; 15.16 
so that equation 15.15 can be written 
uv. ol” 
AI = 5p, 4B 15.17 


This tensor equation, representing the z linear equations 15.4 with 
n variables, is similar to equation 15.3 representing one equation 
with one variable. 

(c) Each term in the admittance tensor represents the slope of an 
I = f(£) curve at the operating point, and each term is a real, and not 
a complex, number. These constants are called self- and mutual con- 
ductances (reflex and transconductances, respectively) of the various 
coils and are denoted by G™". The admittance tensor 15.14 is written 
in terms of the conductances 


15.18 


Many components may be zero, of course. 
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(d) It is customary to define the inverse of a self-conductance as a 
resistance; that is, G"™" = 1/rmm, and the ratio of a mutual conductance 
to a self-conductance is defined as the amplification factor 


ale 
G OF, dE, 
Die ee are ete eee 
a an iE, 15.19 
oF, 
and 
Gn dE, 
by = Gu =— dE. 15.20 
so that 
= 15.21 
Tob 


Hence, in terms of the amplification factors and resistances, the 
admittance tensor of a pentode is 


b 
b 
Ha 


Yaa 


15.22 


The admittance tensor of a tetrode is found by omitting the row 
and column of c. If the customary notation is used, 


15.23 
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where y is the plate amplification factor. 
y is the grid amplification factor. 
n is the cross amplification factor. 


The admittance tensor of a triode is found by omitting the rows and 
columns of b and c 


15,24 


When the multielectrode tubes act as amplifiers or oscillators in 
most problems they are treated as triodes. The role of the extra grids 
is to change the triode conductances to special values. 

(e) If in the analysis of triodes the grid current is zero, 7, is infinite 
so that the admittance tensor of such a triode ts 


Pd 


p 
g 0 
p 


g 
0 


15.25 


GPs | GPP 


= b| 0 15.26 


VII. MULTIELECTRODE TUBES AND MULTIWINDING TRANSFORMERS 


Since the admittance tensor Y is not symmetrical an 2-electrode 
tube is represented by n — 1 cotls with unilateral mutual conductances 
between them. The coils are joined at a common junction representing 
the filament as shown in Fig. 15.3a. 

The triode is shown in Fig. 15.3¢ with, and in Fig. 15.3d without, a 
grid coil. Jt is interesting to note that an isolated junction-point forms 
part of the network. 
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The representation of n-electrode tubes in a junction network by 
n — 1 coils with mutual conductances between them is analogous to 
the representation of n-winding transformers in mesh networks by 
coils with mutual inductances. However, there are several differences 
in their analytical form. For instance: 

1. In a multiwinding transformer, both the impedance and admit- 
tance tensors are symmetrical; that is, the rows and columns can be 
interchanged. In a thermionic tube the mutual conductances are 

ar arse ga ge = ifferent in the two direc- 


32 - tions; in other words, G%® 
She Beg, [Aer laces | ae, is different from G™*, and 
evs ( Gr the effect of a change in 

the plate voltage upon a 


(2) Actual tube (b) Primitive tube grid current is different 
from the same change in 


ce ar i te ~=—s the grid voltage upon the 
Akg LEp AEg AEp plate current. 
| 2. In a_ transformer 


(e) Triod aver ha each component in the 
nee (¢) vpcedoamis tensor is a real or a 
grid current 


Fie. 15.3 complex number during 

steady-state conditions. 

In a tube each component is a real number representing conductances. 

(It may be mentioned that in a high-frequency tube, where the time 

of flight of the electrons between electrodes must be considered, the 

real numbers in the admittance tensor are replaced by complex 
numbers.) 

3. In transformers the z or y tensors are equally valid for any 
applied terminal voltage or for a change in the applied voltage, but 
in a tube or in other non-linear systems they are valid only for small 
changes in the voltages or currents. 


VIII. EQUIVALENT JUNCTION NETWORKS OF TUBES 


(a) The equation of current of a triode AI = Y- AE is from equation 
15.25 


1 
Alt = — AE, + “£ AE, = G#AE, + GtAE, 
“ a 15.27 
1 
Al? = a AE, + ~- AE, = GPA, + GPPAE, 
P P 


That is, a grid current flows not only if a potential appears on the grid, 
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but also when a potential AE, appears on the plate (and vice versa) 
because of the existence of mutual admittance between them. 

(6) Instead of representing the grid and the plate by two coils 
with asymmetrical mutual admittances yu,/7, and yup/rp, with self- 
admittances 1/r, and 1/r7,, it is customary to represent them by the 
same two coils having no mutual 
admittances. The role of the asym- 
metrical mutual admittances 1s re- 
placed by two current generators 
injecting across the grid the cur- 
rent (u,/7,)AE, and across the 
plate (u,/r,)AE, as given by the 
equations and shown in Fig. 15.4. 

In the language of junction 
networks the unilateral mutual 


(a) Triode with- 
out grid current 


(a) Triode with 
grid current 
Ce ee] 


| oe 
bEg 


admitiance between the two junction- 
pairs is replaced by currents im- 
pressed across the two junction-puirs 
as shown in Fig. 15.4c. Of course, 
across the same junction-pairs are 
also impressed AE, and AE,, res- 
pectively. 

In an n-electrode tube the mu- 
tual admittances between then — 1 
coils of Fig. 15.3a@ may be replaced 
by impressing » — 2 different sets 


(b) Mutual con- 

ductance as a 

Current genera- 
tor 


(c) Mutual con- 
ductance as im- 
pressed current 


Fic. 15.4 


(b) Mutual con- 
ductance as a 


current genera- 
tor 


(c) Mutual con- 
ductance as im- 
pressed current 


Fic. 15.5 


of currents across each coil. 

(c) When the grid resistance 7, is made infinite, no grid current 
flows, AI, = 0, and the equivalent junction network of the ériode is 
shown in Fig. 15.5. 


IX. THE INTERCONNECTION OF TUBES WITH NETWORKS 


(a) When a network contains tubes, then the presence of each tube 
is represented by two (or more) additional coils, having the self- and 
mutual admittances of equations 15.22 to 15.26. That is, the primitive 
junction network contains all the coils of the outside network plus two 
(or more) coils for each tube. The transformation tensor is set uf and 
the whole analysis is performed as for any junction network studied in 
the previous chapter. 

(b) Sometimes it is advantageous to divide the whole system first 
into two component systems comprising the tubes and static networks, 
then to analyze each of them separately, and finally to recombine them 
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into the original network by equation 14.59. That is, if the admittance 
tensor of the tube (or tubes) is Y2 and that of the static network (or 
networks) is Yi, also if the two systems are interconnected by C,! = A, 
then the admittance tensor of the resultant network 1s 


Y’ = Ai (¥1 + Yo2)-A 15.28 


They are interconnected by placing junction-pairs in parallel. 

The static network itself may be decomposed into several parts, 
then recombined again. For instance, the feedback couplings between the 
grids and plate may be analyzed separately since the analysis of the 
remaining part of the static network is usually simple. Similarly the 
tube system itself may be subdivided into several parts depending on 
the manner of their interconnection. In the static network many of the 
cotls may be replaced by a single equivalent cotl. 

(c) Since each junction-pair of the tube is connected to correspond- 
ing junction-pairs of the outside network, the effect of the transformation 
tensor C; | is simply to change the go and pe axes of the tube and the g1 
and p axes of the network togandp. This change 1s equivalent to simply 
adding the tensors Y, and Yo. 

That is, 4f the junction-pairs of the network include the grid and plate 
axes, the resultant Y’ is found as Yi + Y2 without going through the 
process of transformation. To express it in another way, the effect of 
the transformation is to drop the subscripts of the g and p axes. 

(d) Once the resultant Y’ and thereby the equation I’ = Y’-E’ 
has been established, the equation may be subjected to all types of 
manipulations, some of them to be shown later in Chapter XXI. 

In many problems the impressed current I’ is known across one 
junction-pair and the difference of potential E’ is to be found across 
another junction-pair. In such cases all the inactive rows and columns 
should be eliminated from Y' by the reduction formulas of Chapter X, 
leaving only two rows and columns along the input and output axes. 
(The elimination of one row and column at a time is equivalent to the 
usual simplification by a mesh-star transformation.) 

The resultant two equations are 


Ale = Y*AE, + Y°AE, 
0= YAR, + YAR, 

where AI* is known and AE, is unknown. Eliminating AE, from the 
second equation AE, = — (Y*)-! YAR, 


ye yee cy Ge ype 
PM fm net ns 


15.29 
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Hence the output voltage in terms of the input current is 


yea 


In other problems the ratio of the output to input voltage is required. 
In such cases from the second of equation 15.29 


AE, a) 15.31 


X. INTERMEDIARY-FREQUENCY AMPLIFIER 


(a) Let the circuit of Fig. 15.6a be analyzed, representing one stage 
in an intermediary-frequency amplifier of a receiver, in which the effect 
of the grid-plate capacity feedback Y° is to be investigated. 


(b) Its coils and junctions 


E, [Ee |&s jE, Es [Ee IE, eal Ep 
y' gt vg} vat vat veal vat v7 [| vegy ve t 


é 


(c) Its primitive network 


Fic. 15.6.—Intermediary-frequency Amplifier 


When the tube is replaced by two coils, the resultant junction net- 
work is shown in Fig. 15.6), having nine coils. There are five junctions 
and two sub-networks, consequently there are 5 — 2 = 3 junction- 
pairs and 9 — 3 = 6 meshes. Hence the network should be analyzed 
as a junction-network. 

(b) To find the admittance tensor Y of the primitive network it is 
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necessary to find the admittances of the coils. However, usually only 
their impedances are known as : 

1 2 3 4 5 6 7 The admittance tensor is 
found by calculating the inverse 
of Z. Because of its diagonal 
form it may be considered as a 
compound diagonal matrix, in 
which each matrix has a single 
component except one that has 
four components, representing 
the transformer of coils 2 and 3. 
The inverse of a diagonal com- 
pound matrix 1s found by cal- 
culating the inverse of each of 1ts components separately (equation 10.46). 
Hence the admittance tensor of the outside network is 

5 6 


where D = 2223 — (Z23)?. 
The admittance tensor of the primitive network of Fig. 15.6c¢ has 
nine rows and columns, as 


15.32 


< 
a 
 - ~~ | 
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It should be noted that by equation 15.25 the row of g contains only 
zero components, but not tts column. 
The impressed current vector is 
1 2 3 4 5 6 7 p g 


a-[ar] | [ | TT TT | 


(c) In assuming the three new junction-pairs, they should include, 
if possible, the input and output terminals, also the filament-grid and 


(a) The new junction-pairs (b) Voltages across individual coils 
Fic. 15.7 


the filament-plate coils. Assuming the three junction-pairs of Fig. 
15.7a, the differences of potentials appearing across all coils are 
shown in Fig. 15.70. 
The transformation tensor 1s set up by equating the old and the new 
voltages across each coil as (using E instead of AE) 
a’ g’ p’ 
FE, = Ew 
Eo = Ew 


E3 = Ey 


15.33 
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E> = Ey 
The coefficients of the new voltages give the transpose inverse trans- 


formation tensor C,!. 
(d) The resultant admittance tensor of the network is by A;-Y°-A = 


15.34 
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The impressed current vector is by C-!- AI = A,- AI = 
a’ g’ p’ 
The differences of potentials (the covariant variables) are 
a’ g’ p’ 
and the equation of current is AI’ = Y’:- AE’. | 


(e) If the difference of potential across the output AE, is to be 
found, then axis g’ ts inactive and the corresponding row and column may 
be eliminated by the reduction formula. Arranging axis g’ as the last row 


y'+ y°+ ¥?+G? 15.37 
— ys 


Eliminating the row of g’ by the admittance reduction formula 


Y'’ = Y! — Y2.y4-1.y8 15.38 
> 
y2s 


Be 8 Soca a y"y" 
y*+ y4+ ys ye+ y*+ ye 
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y?+ y*+ ys ye+ yt+ ys 
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v8 + ye4 YT 4 Ger + 
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The difference of potential AEp’ is found by equation 15.30 
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XI. FEEDBACK AMPLIFIER 


Let the circuit of Fig. 
15.8a be analyzed. The 
network has fourteen 
coils, eight junctions, 
three sub-networks, hence 
8 — 3 = 5 junction-pairs 
and 14 — 5 = 9 meshes. 


En 


(b) Voltages across individual coils (c) Assumed junction-pairs 
Fic. 15.8.—Feed-back Amplifier 


The admittance tensor of the network is before interconnection 
1 2 3 4 5 6 7 8 9 10 gi pi. gs pz 


Gre! | Grrl 


GPe2 | Grr2 


15.40 
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To find Y of the outside network from its known Z, it is necessary 
to calculate the inverse of a two- and a three-rowed matrix, represent- 
ing the impedance tensors of the two transformers. 

The assumed five junction-pair voltages are shown in Fig. 15.8c, 
and the differences of potential across the individual coils are shown in 
Fig. 15.8d. 

Equating the old and the new voltages across each coil, the trans- 
formation tensor (using E instead of AE) is 


E32 = E52 


y2+ 
ys | yt+yt+Grr2 Gre 15.42 
Gre 7+ Y94G?Pl 


If the current J°’ is known and &, is to be found, then eliminating 
the three rows and columns g’, po, pi, an equation analogous to equation 
15.29 is left whose solution also applies here. 
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XII. PUSH-PULL AMPLIFIER 


As an example of analyzing separately the network and the tube, 
consider the high-power radio-frequency amplifier of Fig. 15.9a in 
which the internal intergrid capacity coupling is neutralized by addi- 
tional capacity coupling externally applied. 


a / Ep 


Ega Wg )\ Ere 
< 


(b) Voltages across individual coils of the two component networks 
£ 


Nn w\ fi 
tai/ \fra oy 
(c) Assumed junction-pairs 


Ep;-Eg1 Ka 


Epz-Eg2 Ep; + €g+ Gp-Ep2 
(d) Differences of potential 
Fic. 15.9.—Push-pull Amplifier 


The component static network of Fig. 15.95 has fourteen coils and 
seven junctions, hence six junction-pairs and eight meshes. Its admit- 
tance tensor before interconnections has fourteen rows and columns and 
contains only diagonal components. 
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Its transformation tensor, from Figs. 15.9b and d (using E instead 


of AE), is 


Ei = Ea 

Fe = En 

Es = Eg 

E, = 

Es =—Egt Ep 


—E,2 
—E,2 


E,2 


Es = Ey1—E,2 


x E,2 +£,2 


— Exe 


E,2 
— E32 


G1 pi g2 Pe a b 


15.43 


Ei2= E, 
Ei3= Ey —E,2t+E,+E, 
Eu= Ey 


Po a b 
—¥y% 0 

— yi yl y}3 
—y! 0 7 


81 ylo 
ae yup yi — ys 


— yis y!2 + y33 
man y}3 y38 y8 + yl4 
15.44 


The admittance tensor of the two tubes of Fig. 15.95 are 
&1 Pi &2 P2 


15.45 
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Hence the new components of the admittance tensor of the resultant 
network are by Y; + Ye = Y = 


£1 Pi &2 b 
11 v2. y3 
Z1 ayy —yi-—y? 
pi| — ¥5+c78! _ys yi 
li y2. y4 
Y’ = geo 7 tye fe 


nee yil wo. yi3 


Pe — yp! 4+Gre ae yuy yi] — yi3 — ys 
+ GPP 
yi8 = yi8 yu4y yi y}3 
b yi3 — yi3 y3 yls4 yi4 


15.46 


(The C;‘ connecting the tube:and the network has a unit matrix.) 
The current vector AI 1s tmpressed, not across a junction-pair, but 
across two junctions belonging to two different junction-patrs E,; and Ego. 
That is, AI may be assumed to be impressed across coil Y! so that 
| 2 3 14 


at=[ar] o fo] ..[o | 15.47 


g. Pil 2 pe a “ob 


Al’ = A; Al = ar | | ar] | 15.48 


Hence there are two impressed currents. 

The six equations AI’ = Y’- AE’ may be reduced to three by the 
reduction formulas. The three rernaining equations may be solved 
for AEB). 

XIII. THE CRITERION OF OSCILLATION 

When a junction network oscillates, although no impressed current 
AI exists, still a difference of potential AE appears across some junction- 
pairs. The reason for the appearance of AE is that mesh-currents Ai 
do exist, which, however, are not included in the equation. 

(a) The question now arises: If in the equation I = Y-E (or Al 
= Y-AE) the impressed current I is zero, can E still remain different 
from zero? 

Solving the equation gives E = Y-!-I. If I = 0, then E = Y~!-0. 
Since Y—! has the form of a fraction whose numerator is a matrix Y, 
containing all the cofactors of Y and the denominator is the determi- 
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nant D of Y, the last equation may be written as 


E = Y-!.9 = =.9 15.49 


In order that the components of E should not all become zero tt ts 
sufficient that the determinant D of Y should be zero. In that case 
E = 0/0, which may be an actual number, and consequently the 
network may oscillate. 

Hence, if the determinant of the admittance tensor Y 1s zero, the net- 
work is oscillatory. Equating the determinant of Y to zero, the neces- 
sary relations between 
the design constants of 
the network to main- 
tain oscillations is ac- 
cordingly obtained. 

(6) An alternative 
method consists of divid- 
ing the system into an 
amplifier network and 
the remaining feedback 
network having com- 
mon input and output 
junction pairs, and then 
finding their respec- 


(b) Voltages across individual coils tive admittance ten- 
ee_e e sors Y; and Yo. If the 


@ 
| Nf Gig ‘ ratios of the input and 
Ea’ Egi Ep! —~ 82" Ey 
Be, 
3 


output voltages of each 


o<—__fd'___o ~-.X component system are 


found by equation 
15.31 then (calling the 
voltage-ratio of the 
amplifier network by w and that of the feedback network by 8), 


the criterion of oscillation 1s 
| up = 1 | 15.50 


XIV. TETRODE CIRCUIT 


(c) Assumed junction-pairs 
Fic. 15.10.—Tetrode Circuit 


As an example in which two grids have AE appearing on them let 
the automatic selectivity control circuit of Fig. 15.10a be considered. 

The network has fourteen coils, also nine junctions, two sub- 
networks, hence 9 — 2 = 7 junction-pairs and 14 — 7 = 7 meshes. 
The assumed seven junction-pairs and the voltage across the individual 
coils are shown in Fig. 15.10c. 


TETRODE CIRCUIT 401 


The admittance tensor of the primitive network is 
1 2 3 4 5 6 7 8 9 10 11 gi ge 


ete f see eens | ereceweees | ee ees l eerree ne I rere fl eee een 9 


ee) bemmmmmmnemeaed tema tee ames Speen ed ey ee ee, 
weenie ean ene fl eee een, 9 ere 


y = fo 
Gral| Gree GPP 
15.51 
Equating the old and the new voltages across each coil, the trans- 
formation tensor is a gig p be d 
fi = &, 1 
Fe = E, 2 
EF3 = Eg 3 
Fe = Eg 4 
Es = E, 5 
Es = E, 6 
E7 = Ey ro 7 
Fg = E,2 + Ea 8 
Ey = FE, 9 
Fio = E. 10 
Fu = Ea it 
Eq = Eq é1 
Eg = E,2 
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The resultant admittance tensor is by A,;-Y-A 
a £1 g2 p b Cc d 


y8iGre| yop yeigrr | ye 


The presence of heavy lines speeds up the multiplications. 

Since the input terminal is a and the output terminal is b, the 
remaining five axes may be eliminated by the reduction formula. The 
two equations a and b are solved for E, by equation 15.30. 


XV. THE IMPEDANCE TENSOR OF TUBES 
It may happen that a tube circuit has fewer meshes than junction- 
pairs. It is then easier to analyze the circuit as a mesh network. 
The impedance tensor z of a tube 1s found by taking the inverse of tts 
admittance tensor Y given in equations 15.22 to 15.26. Hence the 
impedance tensor of a tetrode is 


nova ~ Na | Na’b ~ Ya 


fl a’ pD ’, a’oD 


Mav» — 1b | 1 — Hara 15.54 


To? pD Tal pD 


Mata ~ Mb 


Tal pD 


where 

1 + we (nav Va) T po(No¥e a Vp) — NaN 
Tal Ip 

The impedance tensor of a triode is 


D= 


15.55 
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That is, in a mesh network an n-electrode tube may be represented 
by ~ — 1 coils with unilateral self- and mutual impedances, just as an 
n — 1 winding transformer. That is, a tetrode is represented by three 
coils, a triode by two coils, their interconnection representing the 
filament, Fig. 15.11. 


(a) Tetrode (b) Equivalent mesh (‘c) Its primitive 
net work mesh network 
Fic. 15.11 


The analysis of a mesh network with tubes follows the analysis of 
any other mesh network. Since the grid resistances are infinite, at 
the end of the analysis, in the admittance tensor y = z | all r, may be 
put equal to infinity and the equations reduced. 


XVI. DEGENERATIVE FEEDBACK AMPLIFIER 
Let the circuit of Fig. 15.12a@ be considered representing a dezener- 
ative feedback amplifier. 


at 


(c) Currents in individual coils 
Fic. 15.12.—Degenerative Feed-back Amplifier 


It has fourteen coils, nine junctions, eight junction-pairs, and 
14 — 8 = 6 meshes. Assuming six new currents shown in Fig. 15.125 
(four of them in the four tube-coils), the resultant currents flowing 
in each coil are shown in Fig. 15.12c. 

Equating the old and the new currents flowing in each coil (using 
4° for As*) 


404 


a= 4°" 1 
f= 4?’ — 18’ 2 
43 a3" +78’ 3 
4 = 44’ 4 
4° qe’ 4-48" 5 
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gq) oe Gl! — 45" 7 
is = 42" 4-45" ig 8 
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v2e?s? # 8 6 


The impedance tensor of the primitive network is 
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The impedance tensor of the network is by C,-z-C = 
1’ 2’ 3’ 4’ 5’ 6’ 
Zepl | 
Zo+Zat+Zopl 
Z3+Z1+Zgq2 


Z ps2 


Z21+2Z5+2Z7 
+Zg — 
+Z9+Zi0 Zo 


Zo+Z 
Zs +Ze6 +25 


—Zi9 Zs 


15.58 


To find any particular current, the remaining rows may be elimin- 
ated by the reduction formulas. In the admittance tensor y’, 7, is put 
equal to infinity and the macrix simplified. 


XVII. SIMPLIFIED REPRESENTATION OF A TRIODE 


Since knowledge of the grid current Az¢ of a triode is not needed 
(its value is practically always zero), the axis of g in its impedance 
tensor may be eliminated by the reduction formula z'=2Z,—2Z2°Zq 1.7z3 
so that the equivalent impedance r, of the plate is 


‘ Tp — Mpls 2) (- usr) rp(1 — upbte) 
oP op RO a ee Pe ee 15.59 
"» D ( D \(? D 1 — Pplg es ; 


Hence the grid coil of the triode may be left out by changing the self- 
impedance of the plate coil from 1r,/D to rp. 

If a voltage e, is impressed in series with the grid coil, or a difference 
of potential e, appears across it, then the equivalent impressed voltage 
on the plate coil is, by the reduction formula, 


e’ = e; — Z2°Zq °@2 


' — D 
Cy = by — (=2#*) (?) €, = Cp + up, 15.60 


Hence a voltage E, appearing across the grid coil appears in sertes 
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with the plate coil as u,»E, as shown in Fig. 15.135 and the grid coil and 
its mutual impedances may be left out. 


e900 o 
(a2) Triode as a two-mesh (b) Triode as an orthogonal 
network network 
(1 mesh, 1 junction-pair) 
Fie. 15.13 


However, a network containing the tube of Fig. 15.13b 1s not a mesh 
network but an orthogonal network as shown in Fig. 15.14 since the 


Fic. 15.14.—Triode Circuit as an Orthogonal Network 


junction-pair voltage E, must be known first in order to find the 
impressed mesh voltage y,E,. The study of these types of orthogonal 
networks is taken up in Chapter XXI. 


CHAPTER XVI 


ORTHOGONAL NETWORKS 


I. VOLTAGES AND CURRENTS IN MESH AND JUNCTION NETWORKS 


(a) In a mesh network n coils form k meshes. There are in general 
n known impressed voltages e, each of them being assumed in series with a 
particular coil. Since there are only & known response currents i’, 
the m known coil voltages e are replaced by k impressed mesh voltages 
e’ by e’ = C,-e in setting up the & equations e’ = 2’-i’. 

The k new variables i’ are usually assumed to flow in & of the 
branches. It was also shown in Section VII, Chapter VI, that the k 
new components of the impressed voltages e’ may be assumed to be 
concentrated in the same k& branches in which the new components i’ 
are assumed. That is, all the impressed voltages around a mesh can 
be concentrated into one voltage e’ impressed in that branch in which 
a’ flows. 

When an impressed voltage exists in an impedanceless branch, it is 
assumed that this branch has an impedance with zero value so that this 
branch is counted as a coil and it appears as such in the primitive mesh 
network. Such an impedanceless branch with a known impressed 
voltage will be called an “apparent coil.’’ Owing to the presence of 
apparent coils more reference axes have to be assumed in the network 
than are absolutely necessary. These additional reference axes have 
to be introduced in order to treat the network as a mesh and not as an 
orthogonal network having a more complicated equation of voltage. 

(b) In a junction network n coils form » — k junction-pairs. There 
are in general n known impressed currents I (or currents withdrawn Ly 
outside loads), each of them assumed to be impressed into the junctions of 
a particular coil. Since there are only m — k response voltages E’, 
the x known impressed coil currents I are replaced by » — k impressed 
junction currents I’ by I’ = C-!-I in setting up the ” — k equations 
I’ = Y’-E’. 

The 2 — & new variables E’ and the n — k new impressed currents 
I’ are both assumed along the same ” — & junction-pairs. 

When an impressed current (outside load) exists across two junc- 
tions with no coils between them, it is assumed that the two junctions 

407 
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are connected by an admittanceless coil, so that this coil appears in the 
primitive junction network introducing an additional reference axis. 
Such an admittanceless branch with a known impressed current will 
also be called an “apparent coil.”’ 

(c) One of the purposes of the following analysis is to remove from 
the primitive networks those coils that have zero impedance or admit- 
tance, so that a network should be completely characterized by those 
coils only that have an actual impedance or admittance. That is, 
all apparent coils and hence all superfluous reference axes will disappear 
from the analysis of orthogonal networks. 

(d) A ‘‘mesh” and a ‘‘junction-pair” (or their equivalent ‘‘branch”’ 
and ‘‘open-mesh"’) will be called in general a ‘‘reference axis.”’ 


II. VOLTAGES AND CURRENTS IN ORTHOGONAL NETWORKS 


(a) Every k-mesh network of 2 coils contains also m — k junction- 
pairs, across which measurable differences of potentials E’ appear, 
whose presence, however, has up till now been disregarded in setting 
up the equation of voltage. (The differences of potential appearing 
across all individual coils calculated by the auxiliary equation 
e, = z°C-i’ do not represent junction-pair voltages.) It may also be 
assumed, for the sake of completeness, that across the n — k junction- 
pairs, currents I’ with zero value are impressed. 

Accordingly, any mesh network may be assumed to be actually an 
orthogonal network in which e and I are impressed and in which i and E 
appear in response. Owing to the absence of I and to the lack of interest 
in E, the junction-pair axes have up till now been ignored. 

(6) Similarly, every junction network with m — k junction-pairs 
contains also k meshes in which mesh-currents i’ flow whose presence 
has up till now been disregarded in setting up the equation of current. 
(The currents flowing in all zndividual coils calculated by the auxiliary 
equation I, = ¥-C, '-E’ represent total currents and not response 
currents.) It may also be assumed for sake of completeness that there 
are mesh voltages e with zero value also impressed. 

Accordingly, any junction network may be assumed actually to be an 
orthogonal network 1n which I and e are impressed and in which E and 
i appear in response. Because of the absence of e and the lack of 
interest in i, the mesh axes have up till now been ignored. 

(c) In a general orthogonal network n coils form k meshes and 
n — k junction-pairs. There are in general n voltages e ampressed, each 
in sertes with a coil, and also n currents lL impressed (or withdrawn), each 
in shunt with a coil. In replacing the 2” impressed quantities e and I 
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from the individual coils to their value e’ and I’ around the meshes 
and junction-pairs by e’ = C,-e and I’ = C~-I, it will be found that 
(if C is non-singular) there are still (instead of k) known impressed 
voltages e’ and a (instead of ~ — k) known impressed currents I’. 
That is, there exist now known impressed voltages e’ also around the 
junction-putrs (open-mesh) and known impressed currents I’ also around 
the meshes (closed mesh). 

As a result of the m impressed coil voltages e and coil currents I 
there appear k response currents i around the meshes and n — k 
response voltages E across the junction-pairs. Altogether there are 
n response quantities acting as the variables. 

(d) The method of analysis of orthogonal networks to be presented 
presently is governed by two considerations: 

1. The number of variables and the number of equations must be the 
same as the number of coils, trrespective of their manner of interconnection 
or excitation, or the number of apparent couls. 

2. The power input e*-i and the power output E*-I must remain 
anvariant under all manner of interconnection and excitation of the n coils. 

These postulates make possible the setting up of a non-singular 
transformation tensor C, having 2 rows and columns, for all n-coil 
networks. Thereby it will be possible in their analysis and synthests to 
pass from any n-coil network to any other n-coil network without examin- 
ing the method of excitation of each of them for the existence of appar- 
ent coils. 

Since many of the coils may be combined into a single equivalent 
coil, it will be understood throughout that the network under con- 
sideration represents the reduced original network. 


III. COVARIANT AND CONTRAVARIANT VARIABLES 


(2) In an orthogonal network there are two types of variable 
quan ities: 

1 The & contravariant variables 1” flowing around the closed 
meshes. 

2. The n — k covariant variables E, appearing across the open 
meshes or junction-pairs. 

An interesting interdependence exists between the contravariant 
and the covariant variables that offers a simple method of analysis of 
orthogonal networks. 

(6) When a branch containing a mesh current 7* is open-circuited, 
this particular contravariant variable becomes zero. In tts place 
appears another variable, which, however, is covariant, namely, the differ- 
ence of potential E, across the open branch. 
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Similarly, when a junction-pair with the difference of potential E, 
is short-circuited, this particular variable becomes zero. However, 
in tts place there appears another new, but contravariant variable, namely, 
the mesh current 2° flowing around the new mesh. 

In general, in any dynamical system, whenever a contravariant 
variable (say a velocity v* in a certain direction) is reduced to zero by 
the introduction of some constraint, its place is immediately taken by 
a covariant variable (say the reaction force f, of the constraint). 
Similarly, when a covariant variable (say the reaction force f.) is re- 
duced to zero, in its place appears immediately a new contravariant 
variable (the velocity v* along the direction of the vanished force). 

During the addition and removal of the constraints, the structure of 
the dynamical system is not changed and the effect of constraints 1s only 
to change the relative number of covariant and contravariant variables, 
leaving their sum constant. 


IV. KNOWN RESPONSE QUANTITIES 


(a) It is not necessary that the variable along a certain axis should 
become zero before its dual appears. Jf the variable i’ (or E’) assumes 
a known value along a certain direction, then its dual variable E’ (or i’) 
still appears along the same direction. Of course the known i’ (or E’) 
is‘no longer a variable quantity and there is still one variable (either 
a covariant or a contravariant) along each axis. (In dynamics such 
cases occur with ‘moving constraints.’’) Hence along each axis two 
response quantities i’ and E’ may exist, one having a known value, the 
other being a variable. 

(b) Apparent coils represent such reference axes along which two 
types of response quantities appear. In particular: 

1. If a known impressed voltage exists in an impedanceless branch, 
then the known voltage is denoted by £ and the unknown current by z. 

2. If a known current is impressed across an admittanceless 
branch, then the known current is denoted by 7 and the unknown differ- 
ence of potential by E. 

That is, 7m the presence of apparent cotls the number of response 
quantities iand E may be 2n just as the number of impressed quantities 
e and Iis 2n. However, the number of variables in all cases is still 7. 

(c) Hence, along each of the 2 reference axes four quantities may 
exist, two voltages e and £ and two currents J and7. The two voltages 
e and E cannot be combined into one expression, since one of them is 
known and the other is unknown. Similarly the two currents flowing 
in the same coil J and ¢ cannot be combined. 
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V. ORTHOGONAL NETWORKS AS ALL-MESH 
OR ALL-JUNCTION NETWORKS 
(a) Since it is possible to introduce apparent coils into a retwork 
without disturbing its performance, a ‘‘closed mesh” may be changed into 
an “open mesh,” and vice versa, by an apparent coil. In particular: 
1. Any open mesh may be considered as being closed by an 


apparent coil having an unknown impressed E and zero i (Fig. 16.1 
a and BD). 


(a) Open mesh (b) Closing an open mesh 
Fic. 16.1 —Changing an Open Mesh into a Closed Mesh 


2. Any closed mesh may be considered as being open, having across 
the opening an apparent coil with an unknown 7 at its junctions and 
with zero E across them (Fig. 16.2a and b). (The two junctions created 
by opening a coil are not connected together by a coil, and, since 


- weno rae eomwoeessoonrene® 
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(a) Closed mesh (6) Opening a closed mesh 
Fic. 16.2.—Changing a Closed Mesh into an Open Mesh 


identical currents flow into these junctions, the two junctions are 
considered to be connected by an apparent coil.) 

(6) Hence whether an axis assumed represents a mesh or a junction- 
pair depends on the value of the variables 2 and £ existing along the 
axis: 

1. If Eis unknown, the axis 1s a “‘junction-pair.”’ 

2. If iis unknown, the axis 1s a “mesh.” 

(c) Since every junction-pair of an orthogonal network may be 
considered as being closed through an unknown voltage E, forming 
thereby an apparent coil, every orthogonal network is equivalent to an all- 
mesh network in which voltages are impressed not only in series with the 
actual coils (as shown in Fig. 16.3a), but also in series with some of the 
apparent cols. 

Similarly since every mesh of an orthogonal network may be con- 
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sidered as being opened up by impressing an unknown current 7 at 
each opening, every orthogonal network is equivalent to an all-junction 
network in which currents are impressed not only in shunt with each actual 


(a) Closing the junction-pairs (b) Opening the meshes 
Fic. 16.3.—Equivalence of Meshes and Junction-pairs 


coil (as shown in Fig. 16.36) but also in shunt with some of the apparent 
coils. 

(d) Each closed junction-pair contributes an apparent coil to the 
all-mesh network, and each opened mesh contributes an apparent coil 
to an all-junction network. The voltages appearing in apparent coils 
are now denoted by £, and the currents appearing across apparent 
coils are denoted by 7. These apparent coils do not appear in the primi- 
tive network. 

Summarizing, it may be stated that: 

1. The impressed vectors e and i are associated with actual coils. 

2. The response vectors i and E are associated with apparent coils. 


VI. INVARIANCE OF THE POWER INPUT AND OUTPUT 


(a) In an all-mesh network containing only e and i (Fig. 4.1) the 
power input e*-i remains invariant no matter how the coils are con- 
nected together, since each coil is short-circuited upon itself in any 
interconnection and the current through it is unchanged. When, in 
an all-mesh network with e and i, also currents I are impressed in shunt 
with each coil, the power input e*-i still remains invariant in any inter- 
connection. However, when the a coils are interconnected into a 
k-mesh network, the currents i in the coils become different and e*-i 
is no longer invariant. 

When, in place of the two concepts e and i, four electromagnetic 
concepts, namely e, i, E, and I, are associated with a network, then with 
any impressed voltages and currents all networks (mesh or orthogonal) 
may be considered as all-mesh networks, hence with any interconnection 
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of the cotls into networks the power input e*-i and output E*-I still 
remain invariant. 

This is true since across each coil still the same difference of 
potential E may be assumed to exist in all interconnections, as shown 
in Fig. 16.4 where three coils are arranged in four different atl-mesh 
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Fic. 16.4.—Various Types of Interconnections of Three Coils into Three 
Meshes (the same E Existing Across the Same Coils) 


networks. (The manner of rearranging the voltages £ will follow 
automatically from the equations to be developed presently.) It 
should be noted that a voltage E impressed in series with an impedance- 
less coil is in series also with several other coils, hence the invariance 
of E*-I is not so apparent. 

(6) Similar reasoning applies to an all-junction network. When 
four electrical concepts e, i, E, and I are associated with a network 
instead of two (E and I) then with any impressed voltages and currents 
all networks may be considered as all-junction networks and with any 
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Fic. 16.5.—Various Types of Interconnections of Three Coils into Three 
Junction-pairs (the same ¢ Flowing Through the Same Coils) 


interconnection of the coils the power input e*-i and output E*+I still 
remain invariant. 

This is true since across each coil the same current 7 may be assumed 
to flow in all interconnections as shown in Fig. 16.5. (It should be 
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noted that current ¢ impressed across an admittanceless coil flows 
through several coils, hence the invariance of e*-i is not readily 
apparent.) 

(c) Summarizing, in interconnecting 2 coils into various types of 
networks, the power input e*-i and output E*-I can be made invari- 
ant as 


e*-i = efi’ eai® = eit’ 16.1 

E*-I = E*-]’ E,[* = Eyl 16.2 

(e+ E)*-(1 +i) = (ea + Ex)(I* + i#) = ve 
(e' + E’)*-( +7/) (Ca + Ea) +1) 


under all manner of interconnection of the coils by introducing four 
electrical quantities e, i, E, and I in place of two (e, i or E, I) and 
keeping any three of the four quantities unchanged across each coil 
while the interconnections are changed. In interconnecting n cotls, 
the value of n (out of 4n) electrical quantities (or any n linear combination 
of them) 1s variable. 

In general, every network may be considered as an all-mesh net- 
work or as an all-junction network, or as an orthogonal network, and 
so on, depending on what components of i and E are assumed as vari- 
ables. In particular: 


. All i are variables: all-mesh. 

. All E are variables: all-junction. 
. Some E and some i: orthogonal. 
. Some i are variables: mesh. 

. Some E are variables: junction. 


im & GW DN 


VW. THE EQUATIONS OF VOLTAGE AND CURRENTS 


(a) Although along each reference axis two types of voltages e and 
E, and two types of currents J and 2 occur—some of them being known, 
some of them unknown—Ohm's law is satisfied by the resultant currents 
and voltages at each instant. Consequently: 

1. The equation of voltage of orthogonal networks 1s, by considering 
the latter as all-mesh networks, 


2. The equation of currents of orthogonal networks 1s, by considering 
the latter as all-junction networks, 


itl mY: +e) | i 4 [* m Yob( Eg + ep) 16.5 
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In setting up the equations the components of e and I are all 
assumed to be known, while those of i and E are partly known and 
partly unknown. Along each axis only one variable quantity (an 7 or 
an E) may exist. However, in manipulating the equations any n of 
the 4n quantities may be unknown. 

The effect of considering a known impressed voltage arbitrarily 
a component of E or of e (depending whether or not in establishing the 
network the terminals of the generator are assumed as junction-pairs) 
is simply to redistribute the known voltage components among E and 
e, leaving z unchanged. Similarly the effect of considering a known 
impressed current arbitrarily a component of i or of I (depending 
whether or not in establishing the network the coil connecting the 
two junctions is assumed as two coils in series) is again simply to 
redistribute the known current components among i and I, leaving 
Y unchanged. 

(b) In general, each vector has as many components as there are 
reference axes. The two vectors ¢, and E,. (or1* and I) cannot be added 
since then each component oi the resultant vector divides into two 
parts, one part being known, the other being unknown, and to solve 
for the unknowns, the resultant vector must be decomposed into its 
known and unknown component vectors. 


VOI. STEPS IN SETTING UP THE EQUATION OF VOLTAGE 


(a) The equation of voltage of an orthogonal network 1s established 
by considering the latter as an all-mesh network in which all junction- 
pairs have been closed with apparent cotls. 

Just as in all networks previously considered, the response quantities 
i’ and E’ are assumed along ~” arbitrary axes, while the impressed 
quantities e’ and I’ along the same axes are calculated by a transforma- 
tion from e and I of the primitive network. 

Since the apparent coils do not appear in the primitive network, all 
known impressed quantities associated with apparent coils have to be 
considered as known response quantities i’ and E’. (That is, they 
cannot appear in I’ or e’ that are derived from I and e of the primitive 
network.) 

The a reference axes are arbitrarily assumed along the various coils 
with the precaution that all apparent coils must be assumed as reference 
axes. 

(b) When the network diagram corresponding to an actual physical 
set-up has been established, say that of Fig. 16.7, the following desig- 
nation is used for the known quantities (assuming primed quantities 
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to refer to the actual network and unprimed quantities to the primitive 
network): 

1. All known voltages in series with coils are denoted by e. 

2. All known voltages in series with an impedanceless branch are 
denoted by EZ’. (Previously they have also been denoted by e.) 

3. All known currents impressed across a coil are denoted by I. 

4. All known currents impressed across an admittanceless branch 
are denoted by 1’. (Previously they have also been denoted by J.) 

(c) Its primitive mesh network shown in Fig. 16.6 now also con- 
tains four quantities instead of two, namely, two voltages in series, 
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Fic. 16.6.—General Form of the Primitive Mesh Network 


e and E, and twocurrentsiandI. The components of e are the known 
voltages impressed in series with each actual coil in the network, and 
the components of I are the known currents impressed (or withdrawn 
by the loads) across each actual coil in the network. 

(d) The non-singular transformation tensor C of an orthogonal net- 
work 1s set up in exactly the same manner as in case of any other all-mesh 
network shown in Section XIIB, Chapter 
IV. In setting up the relation i = C-i’ 
no attention is paid to whether or not 
the components of i’ are known or are 
variables. 

(e) Once C has been established, then 
the new components of the impedance 
tensor z’ of the network are found by 
Cre2z°C. 

Fic. 16.7.—Designation of The new components of the response 
Known Currents and Voltages Quantities are partly known and partly 
unknown. In particular: 

(A) The components of i’ are assumed in the following manner: 

1. Along the axes across actual coils, they are zero (known). 

2. Along the axes across admittanceless coils, they are usually 
known. 

3. Along all the other axes (meshes) they are usually unknown. 

(That is, along the junction-pair axes they are known; along the 
mesh axes they are unknown.) 
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(B) The components of E’ are assumed in the following manner: 

1. Along the actual coils they are zero (known). 

2. Along the impedanceless coils they are usually known. 

3. Along all the other axes (junction-pairs) they are usually 
unknown. 

(That is, along the mesh axes they are known; along the junction- 
pair axes they are unknown.) 

The new components of the impressed quantities are calculated 
from those of the primitive network. In particular: 

(C) The components of e’ are calculated by e’ = C,-e, where the 
components of e are usually known. 

(D) The components of I’ are calculated by I’ = C-! I, where the 
components of I are usually known. 

When the junction-pair axes are assumed across the same coils 
along which currents I are impressed, then the components of I’ are 
already known without any calculation. 

(In the networks of Fig. 16.4 the components of E’ are not assumed 
but are calculated from E of the primitive mesh network by E’ = C,°E. 
This procedure is followed in establishing Fig. 16.4 to show how E’ of 
the various networks is established, keeping E across each coil un- 
changed and thereby keeping the power invariant. In all other net- 
works of this chapter E of the primitive network may be calculated 
from the assumed E' of the actual network by the reversed step 
E=C,;!-E’. This calculation is not made, though, since it is not 
needed in the analysis of the actual network.) 

(f) In the final set of equations E’ + e’ = z’-(i’ + 1’), there are as 
many current variables i’ as there are meshes and as many voltage variables 
E’ as there are junction-pairs. The total number of variables 1s the same 
as the number of actual cotls. 

The apparent coils of the actual network do noi uppear any more as 
coils, hence they do not increase the number of reference axes. Thetr 
effect is to introduce known components of E' and i’. 


IX. EXAMPLE OF AN ORTHOGONAL NETWORK 


(a) Let the equation of voltage of the orthogonal network of Fig. 
16.8a be established. The currents and voltages shown on it are all 
known. Some of the voltages and currents are impressed across 
apparent coils, hence they are denoted by E’ and +’ instead of e and 4. 

There are five coils and three meshes, hence there are two junction- 
pairs. One of the junction-pairs has to be assumed at the junctions of 
it’: the other is arbitrarily assumed across coil Zea. The equivalent 
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all-mesh network is shown in Fig. 16.9, in which the two junction- 
pairs appear as additional apparent coils. 


Ey EY Ee Eq Ey 
(b) Its primitive mesh network 


(a) Given network 
Fic. 16.8.—Orthogonal Network with Impressed e, I, E’ and i’ 


(6b) Its primitive mesh network is shown in Fig. 16.8). The com- 
ponents of its geometric objects are 


The network is assumed to be asymmetrical so that Z ,y is not equal 
to Zy-. The components of e and I are all known. The components of 
i and E are of no interest in the calculation of the new network, since 
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Fic. 16.9.—Equivalent All-mesh Net- Fic. 16.10.—Currents in the Coils 
work of the All-mesh Network 
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i’ and E’ are not derived from them but are assumed arbitrarily (just 
as in mesh and in junction networks). 

(c) The transformation matrix of the all-mesh network of Fig. 16.9 
is established by assuming first five new current-variables i’ as shown 
on the figure. Three of the new currents are assumed to flow in the three 
apparent coils. 

With the aid of Kirchhoff’s first law, the currents flowing in the 
individual coils are established as shown in Fig. 16.10. 

Equating the old and the new currents flowing in each coil 


a’ b’ p’ q’ r’ 


42 a 42’ a 
hoi +e 4 4 ly 
c= hl — Ww C=c 16.6 
4 = _ 4p’ d 
fai ph i f 


The coefficients of the new currents give the non-singular trans- 
formation matrix C. : 
(d) The contravariant response quantities of the network are 


a’ b’ p’ q’ r’ 


Along the junction-pair axis p’ the component 7?’ is known to be zero 
and along the original apparent coil q’ the impressed current 1°’ is 
known. Hence, the contravariant variables are those existing ulong the 
three original meshes, namely, i*’, 1°’, and 2”. 
The covariant response quantities are 
a b pq *°r 


E’ =| 0 | 0 | By | Be | Ee 


Along the mesh axes a’ and b’ the components EF, and Ey are known to 
be zero, and along the original apparent coil r’ the impressed voltage 
E, is known. Hence, the covariant variables are those existing along the 
two original junction-pairs, namely Ey and Ey. 

The total number of variables (unknowns) is five, one existing 
along each reference axis. 

(e) Once the non-singular transformation tensor has been set up, 
the geometric objects z’, I’, and e’ of the new network can be established 
automatically. 
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The new components of the impedance tensor are found by C;-z-C as 
a’ b’ p’ q’ r’ 
ZaatZytZyy LpetZyy ZootZyz| Zoo—Zye 
Lef +Zyy Zee +Zef +Zaa +Zyfe +Z yy Z cf +Zyy —Lee —Zy c 
z= ZootZyy Lpet+Zyy ZootZys| Zoo—Zyfe 


—ZLee —Leys Zoo —Lef Zob +Zee 
0 Zod Zod 


(f) The new components of the impressed voltage vector e’ are 
by C.-e 
a’ b’ p’ q’ r’ 


e’ = a tes + ey| ey [eo ter| en | & 16.8 


All these components are known. 
To find the impressed current vector I’, the inverse of C has to be 
calculated by solving the set of equations 16.6 for the primed quantities as 


a b Cc d f 


47° = 42 a’ 
i” = — i? b’ 
w= — 1° +#+yY Cl=p’ 16.9 
1a = — i — is q’ 
= 4° + 4° — 7 r’ 


The new impressed mesh currents are by C7!-I = 
a’ b’ p’ q’ r’ a’ b’ p’ q’ r’ 
v=-|o|of|oj-#|#] =}r{r|r |r | 7’ | 16.10 


All these components are known. 
(g) The equation of voltage of the network is 


E’t+e =2'-(i’ +1’) | Ea tea = Sarg (i + IP’) 16.11 


All the components of e’ and I’ are known while the components of E’ 
and i’ are partly known and partly unknown. The equation cannot be 
solved for the unknowns in tts present form. 
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X. THE ‘‘ORTHOGONAL” EQUATIONS OF VOLTAGE 


(a) In order to solve the equation of voltage of orthogonal net- 
works, tt 1s necessary to subdivide it into two invariant equations along 
the mesh and junction-pair axes. Hence dividing e into e; + eg, etc. 
(see Section II, Chapter IX), the ‘‘orthogonal’’ equations of voltage are 
(leaving out the primes): 


E, +e: = z1-(i' +’) + z2-(i2 + a 
Eo + €2 = 2Z3°(i’ + I’) + 2z4-(i? + I?) 


16.12 


En + €m emn (1" 5 I*) + Zmv (4° i I’) 
Eu + Cu = 2un (1” + I") + Zw (2” + I*) 


These equations may be subjected to various types of manipulations. 

(b) The following special cases may be distinguished: 

1. If no known voltages are impressed in impedanceless branches, 
then E; = 0. 

2. If no known currents are impressed (or load connected) across 
two junctions that are not connected by a coil, then i? = 0. 

That is, in the absence of apparent coils the above equations become 


@1=2Z1° (i!+-TI?) +2Z2°I? Cm = 2Zmn(t"+1") +2 my i“ 
E2+€2=23 ° (i! +1!) +24-I? Ey t eu = Zun(t* +1") +2uel” 


The variables are i! and Ez. 

3. If all load terminals are selected as new junction-pairs, then no 
mesh impressed currents exist and I! = 0. 

With all three cases present, the equations become 


16.13 


Cm = Zant” + Z mol” 


Eu + eu = unt” + 2url” 


@) = Z,°i + Zorl 


E + eo = Z3*i + Z4°I 


16.14 


The variables are i and E. 

4. If known impressed voltages occur only around closed meshes 
and not around open meshes, then e2 = 0. 

Hence, if no apparent coils exist and if all known impressed voltages 
occur around the closed meshes and all known impressed currents across 
the junction-pairs, then the orthogonal equations of voltage reduce to 


= of eI i = Sant Zmol” 
ans | ( 16.15 


E = zg*i + Za Ey = 2unt™ + Zul” 
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The variables are i (the mesh-currents) and E (the junction-pair 
voltages). 

(c) If the unknowns are the mesh currents i! and the junction-pair 
differences of potential E2, the unknown i! may be found from the first 
orthogonal equation alone as 


Z1°i! = E, +e, — Z2° (i? -+- I?) — Z1°I! 


i} = zr! Ek, +e — we? +2)) —U 16.16 


Substituting the value of i! into the second orthogonal equation, 
the unknown Eo is found without any calculation of inverses as 


Ea = z3-(i! + I’) + za-(i? + I?) — eg 16.17 


It may also be expressed in terms of known impressed quantities 
Ei, €1, 2, i2 and I? alone as 


E2 = 23°Z, '*(Ei +e) — e2 + (z4 — 23°Z, 1*Z2)* (i? +I?) 16.18 


(d) It should be noted that although there are as many unknowns as 
there are cotls (five), still the matrix of z; whose inverse has to be cal- 
culated has only as many rows and columns as there are closed meshes. 
No other inverse has to be calculated in finding the unknowns. 

It should also be noted that, even though for the solution of the 
mesh currents i! only as many equations are needed as there are meshes, 
still it is necessary to consider the presence of the junction-pairs in 
order to find z2 needed in finding i;. That is, knowledge of z; (that 
can be found by a singular transformation tensor C by ignoring the 
junction-pairs) is not sufficient to find i! when impressed currents I 
also exist. 

For the special case of equation 16.15, the unknowns are found by 


i = z;'+(e — zo°l) 
E = z3°1 + Zl 16.19 


E = 23°2; '-e + (z4 — 23°2, '°Z2)°1 


XI. “ACTIVE” JUNCTION-PAIRS 


(a) When some of the junction pairs have no currents I’ impressed 
upon them and if knowledge of their difference of potential E’ is not 
needed, the presence of those junction-pairs may be ignored in setting 
up z and only as many junction-pairs are considered as have known 
I’ or needed E’. Or if the impedance tensor z’ has already been estab- 
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lished containing all junction-pair axes, each time a junction-pair is 
ignored the corresponding row and column of z' may be cancelled, until 
finally z’ has as many rows and columns as there are meshes. However, 
no rows and columns of z' can be eliminated that refer to a mesh axis since 
that eliminates a variable. 

That is, in case of orthogonal networks the number of equations to 
be set up may be less than the number of coils. In general, as many 
equations of voltage are set up as there are meshes and ‘‘active’’ junction- 
pairs. An “‘active’’ junction-pair will be defined as one in which the 
impressed current J’ or voltage E’ is known, or in their absence the 
difference of potential E’ has to be calculated for some reason. 

(6) An orthogonal network in which all reference <xes are con- 
sidered (hence it has a non-singular C) will be referred to as a ‘‘com- 
pletely orthogonal network” or a ‘complete network.’’ The expression 
“orthogonal network” will be used whenever two types of variables 
exist (or two types of impressed quantities) without assuming that 
C is non-singular. 

Hence, in general, 12 an orthogonal network as many reference axes 
are assumed as there are meshes and ‘‘active”’ junction-pairs, and the 
network is analyzed as a mesh network with a singular C. 

In many problems, especially in problems of synthesis, all networks 
have to be considered as completely orthogonal networks, irrespective of 
the type of impressed quantities, in order to establish for them a non- 
singular C. When each network is defined by a non-singular transforma- 
tion tensor C, it ts an easy routine procedure to pass from one network to 
any other network in the search for a 
desired performance, without using cut- 
and-try methods for finding the connection 
diagrams. 


XII. NUMERICAL EXAMPLE 


(a) Let it be assumed that the im- 
pedances of Fig. 16.8 have the numerical 
values shown in Fig. 16.11. Also the 
impressed coil voltages e and impressed 
currents I have the values shown. The 
unknown quantities are the mesh cur- Fig, 16.11.—Given Orthogonal 
rents i’ and the junction-pair voltages Network 
E’, that is, the unknowns are the two 
mesh currents 72’ and 7’ and the previous three junction-pair volt- 
ages E,-, Ey, and Ey. No known i’ or E’ is impressed. 

It should be noted that, although the network supplies currents to 
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two outside loads connected across Zaa and Zee, still only one of the load 
terminals is assumed as a junction-pair. The other two junction-pairs 
do not involve the loads themselves. Such a selection of junction- 
pairs may be required in many types of problems. 
(b) If the network is considered as an all-mesh network (Fig. 16.9) 
the geometric objects z, e, and I of its primitive mesh network are 
a b Cc d f 


a b eceedéeééf 


16.20 


(c) The new components of the geometric objects z’, e’, and I’ for 
the all-mesh network are found by substituting the components of z 
into equation 16.7 and finding e’ = C,-e and I’ = C~!-I by equations 
16.6 and 16.9, giving 


a’ b’ p’ q’ r’ 


a’ b’ p’ 
a’ b’ p’ 


(d) To solve for the unknown components of i’ and E’, each vector 
is divided into two components and z’ into four components along the 
mesh (a’, b’) and junction-pair (p’, q’, r’) axes as 


Because of the absence of apparent coils, the known components of 
i’ and E’ (namely i?’ and E;) are all zero. 
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w 
_ 

il 
N 
ix) 

ll 


16.22 


By equation 16.16 the unknown i!’ (since E; and i?’ are zero) is 


e1/ —] ’ s 
Henes i’ = 2,7 +(e; — ZyeI?’) — I!’ 


—.070423} .112676 


2.253521 —2 253521 


1.39437 —0 1.39437 


The unknown differences of potential E; are by equation 16.17 
Ey = 23°(i!’ + I’) + z-I” — eg 


(7X160+99 X5)/71 —7X2+2X4-2xX4 
= | (2X160—99 X3)/71 —2X24+5X4—-2X4 | — 


nan oer | 


2X 160/71 —2X2+2XK4—-2X4 


(a) Current distribution (b) Voltage distribution 
Fic. 16.12 


(e) The correctness of the results may be checked by putting the 
numerical values of the currents and voltages on the network as shown 
in Fig. 16.12. They must satisfy the two laws of Kirchhoff that all 
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currents around any junction are zero and all voltages around any 
closed meshes are zero. (It should be noted that in coil Z,, flows 
429 + J* = 0.25 + 2 = 2.25; similarly for all other coils.) 


XIII. STEPS IN SETTING UP THE EQUATION OF CURRENT 


(a) The equation of current of orthogonal networks is established 
by steps similar to those used in setting up the equation of voltage, 
with the difference that the dual quantities are interchanged. 

The equation of currenti+ I= Y-(E + e) of orthogonal networks 
is established by considering them as all-junction networks by opening 
each mesh and producing thereby apparent coils. For the known quanti- 
ties, the same notation is used as if it were an all-mesh network as 
shown in Fig. 16.7. 

When some of the meshes have no voltages e’ impressed around 
them, and if knowledge of some of the mesh currents i’ is not needed, 
their presence may be ignored. That is, 1” general, as many equations 

of currents are set up 
124i = rhaib git tt pd "}in as there are junction- 


pairs and “‘active’’ 
yaa eb yee ry: an meshes by considering 
Ea Ep Ec Y tq weacoue En ‘ , ‘ 
és { 1 1 ' it as a junction net- 
e e . 
° * " a work with singular 


Fic. 16.13.—General Form of the Primitive Junction Cy *. 
Network (6) Their primi- 
tive junction network 
shown in Fig. 16.13 also contains four quantities, the known e and I 
and the unknown i and E. 

Its transformation tensor C, ' is set up in exactly the same manner 
as in any other all-junction network, shown in Section VIb, Chapter 
XIV, with the precaution that all apparent coils (that is, the opened 
mesh axes and the admittanceless branches with known impressed 
currents) are also assumed as new reference axes. In setting up the 
relation E = C,'-E’ no attention is paid to whether or not the com- 
ponents of E’ are known or are variables. 

(c) Once C,* = Ahas been established then Y’ is found by A,-Y-A. 
Also the known and unknown components of the variables i’ and E’ 
and of the known quantities e’ and I’ are established in exactly the 
same manner as in all-mesh networks shown in Section VIII. 

(dq) The final equation of current is 


V+V=Y'-(E’+e’) | i’ +] = Yo'8' (Ey 4+ ep) 16.25 
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The components of e’ and I’ are known; the components of E’ 
and i’ are partly known and partly unknown. 

In the set of equations there are as manv variables i’ as there are 
actwe meshes, and as many variables E’ as there are junction-pairs. 

The ‘“orthogonal’’ equations of currents are 


i’ +I! = Y!-(e; + E;) + Y?-(es + Ee) 


i? + J? = Y3-(e, + E,) + Y4-(eo + Eo) eae 
im I™ = Yor(e, 4+ B,) + Ymre, + E,) ) 
w+ IM = Yu(e, + En) + ¥"'(e, -+ E,) 


These equations may be subjected to va.ious types of manipulations. 

When no apparent coils exist, E; and i? are zero. When impressed 
voltages exist only around the meshes, then e, = 0, and wlien impressed 
currents exist only across the new junction-pairs selected, then I! = 0. 
In the presence of all these special cases the orthogonal equation of 
current reduces to 


i= Y!-e + Y?-E ! im = Yrng, + YmR, 
I= Y3-e+Y¥*-E | [u= Yue, + Yuh, 

The variables are i and E. 
(e) If the unknowns are the junction-pair differences of potential 


E2 and the active mesh currents i', the unknown Ez, may be found from 
the second equation as 


Y‘-E, = i? + I? — ¥3-(e; + Ei) — Y'ee 


E, = (¥*4)-!-[i? + 1? — Y%-(e1 + E:)] — eg 16.28 


16.27 


Substituting the value of E» into the first orthogonal equation, 
the unknown i! is found without any calculation of inverses as 


it = ¥!.(e; + Ei) + Y?-(e2 + Ea) — I! 16.29 


It may also be expressed in terms of known impressed quantities as 
jt = Y2-¥4-1. (2 4) — 1 + (¥! — ¥?-¥#-1-¥3)-(e, + Ei) 16.30 
Here again the tensor Y* whose inverse has to be calculated has only 


as many rows and columns as there are junction-patrs. 
In the special case of equation 16.27, these equations simplify to 


E = (¥*)-!-(I — Y3-e) 
i= Y!-e + Y*-E 16.31 
i = Y?.Y4-1.1 4 (¥! — Y2.Y4-1.Y3)-e 
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XIV. SUMMARY OF STEPS 


(a) Summarizing, if an orthogonal network contains fewer meshes 
than junction-nvairs, then (if possible) its equation of voltage should be 
established by assuming it as a mesh network; and if it contains fewer 
junction-pairs than meshes, then its equation of current should be 
established by assuming it as a junction network. With these assump- 
tions the amount of inverse calculations is : ‘duced. Of course, other 
considerations may prevent such assumptions; sometimes the network 
impedances alone may be known, or the admittances, and so on. 

(6) In finding z of an orthogonal network it should be remembered 
that: 

1. The presence of these junction-pairs that are not active may 
simply be ignored and the network analyzed as a mesh network having 
a singular C. 

2. The presence of meshes can be ignored only with the aid of the 
reduction of formulas of Chapter X after z’ has been established. 

(c) In finding Y of an orthogonal network it should be remembered 
that: 

1. The presence of inactive meshes may be ignored and the net- 
work analyzed as a junction network having a singular C,'. 

2. The presence of junction-pairs may be ignored only by the use 
of reduction formulas, after Y’ has already been established. 


XV. THE NON-SINGULAR C OF ANY NETWORK 


(a) When a non-singular transformation matrix C is set up for a 
completely orthogonal network, whenever a junction-pair axis is not 
needed the corresponding column of C may be dropped. All junction- 
pair axes may be left out so that C finally has as many columns as 
there are meshes, representing the familiar singular transformation 
matrix of a mesh network. For instance, if the junction-pair axes 
p’, q’, r’ of Fig. 16.3 are not needed, the transformation matrix of 
equation 16.6 reduces to 


a 
b 1 1 1 
Cre =i 16.32 
d 
f 1 
Fic. 16.14.—Mesh Network sieaaelatiaa Naa eit 


Additional columns cannot be dropped without destroying the network. 
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When the non-singular C,' is set up, the columns corresponding to 
the mesh axes may be dropped until the 
junction network is left with a trans- 
formation matrix C;* (see equation 
16.9) 


Fic. 16.15.—Junction Network 


Here also no additional columns may be dropped. 

That is, 7f should be remembered that: 

1. In setting up z, the presence of inactive junction-patrs may be 
ignored. Ilowever, none of the meshes may be 1gnored. 

2. In setting up Y, the presence of inactive meshes may be ignored. 
Ilowever, no junction-pairs may be ignored. 

As extreme cases, the ignoring of all junction-pairs establishes the 
z of a mesh network, and the ignoring of all meshes establishes the 
Y of a junction network. 

(b) To keep the physical picture clear, in ignoring the presence of 
inactive junction-pairs or meshes it must be remembered that any 
singulur (rectangular) transformation matrix of a mesh or junction net- 
work given in the earlier chapters represents only a pari of a non-singular 
(square) transformation matrix that can be established for any mesh or 
junction network by simply supplying the missing orthogonal axes, either 
by considering the junction-pairs closed or by considering the meshes open. 

It is shown in equation 16.16 that, in order to find the mesh currents 
i! it is sufficient to find the inverse of z,; only. Also, if no impressed 
currents I (and i*) exist, the value of Ze is not needed. Now the value of 
z, needed can be found from z of the primitive network with the aid 
of the singular C in which the junction-pair axes are missing. That is, 
the justification of using in the analysis of mesh networks a singular C 
is that, for finding the mesh currents i', the values of Z2, 23, and 24 in 
equation 16.16 are not needed, only those of z,. And the Y mav be found 
even in the absence of the junction-pair axes in C. 

Similar justification applies for the use of a singular C;' in the 
analysis of junction networks, in which only the value of Y* needs to 


be calculated with its aid. 
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(c) Since any network may be looked upon as a completely 
orthogonal network if it is assumed to contain four electrical quantities, 
at is possible to find the components of the 1mpedance or admittance 
tensors z' or Y’ of any network of n coils by starting with the known 
components of z or Y of any other network of n coils, instead of those of 
the primitive networks. The reference network may have any number of 
meshes and junction-pairs. Both networks must be analyzed, however, as 
complete networks. 

The primitive network is used as a reference network because: 

1. It is easy to set up the components of its geometric objects. 

2. It is easy to set up the transformation tensor relating the new 
network to the primitive network. 

(d) In order to find the transformation matrix changing a particular 
network 1 to network 2, even then it is often simpler to introduce the 
primitive network as a reference network. Let: 


1. C° change the primitive network to network 1. 
2. C2 change the primitive network to network 2. 
3. C} change network 1 to network 2. 


Then by virtue of their group property 
C}-Cz = Cp 16.34 


From this the transformation matrix changing network 1 to network 


2 1s 
| Gy (C))7 Cc | 16.35 


where C? and Cy are the transformation matrices of the two networks, 
using the primitive network as thetr reference network. 

(e) It should also be remembered that the singular transformation 
tensor Co used in neglecting magnetizing current 1s also part of a non- 
singular transformation tensor that divides the actual currents into 
hypothetical ‘‘load’’ currents and ‘‘magnetizing’’ currents as shown in 
Section XII, Chapter VI. 


XVI. TRANSFORMATION OF ANY TWO NETWORKS 


(a) As an example to show that any n-coil network may be used as 
a reference network for the analysis of any other n-coil network, con- 
sider the five-coil network of Fig. 16.16a (reproduced from Fig. 16.8) 
containing two meshes and three junction-pairs whose tensors have 
already been set up in Section IX. Assume that its five coils are inter- 
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connected to form another network with three meshes and two junction- 
pairs shown in Fig. 16.16. The problem is: 


Zcc 
(a) Reference network (b) Derived network 


Fic. 16.16.—Transformation of Networks 


1. To set up a C’ changing the first network to the second network. 

2. To find e”’, I’, and z’’ of the second network from e’, I’, and z’ 
of the first network given in Section VI with the aid of C’. 

The method of analysis is the same as when the primitive network 
is used as the reference network. 

(6) Assume both networks as five-mesh networks by considering 
the junction-pairs as apparent coils. Then 


(a) Reference network (b) Derived network 
Fic. 16.17.—-Changing to All-mesh Networks 


1. Assume the five new variables i’’ of the new network, two of 
them along the junction-pairs, the remaining ones along the meshes 
as shown in Fig. 16.176. In the old network three junction-pairs and 
two mesh variables are assumed as shown in Fig. 16.17a. 
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2. Write along each coil of both networks the currents flowing 
through them with the aid of Kirchhoff’s first law, as shown in Fig. 
16.18a@ and b. 

3. Equate the old and the new currents flowing in each coil of 
Figs. 16.18a@ and 0 as 


qe’ me qa"’ a qe" _ ia” a ast 
qa’ ae 4?’ = qa’ =e ar’ = qe" 
PY _ je’ = je” 16.36 
fe 7°" — 4°"’ + qe" +. 42"’ 
qo" + qe! + qP’ a =: 2” 


This set of equations can always be rearranged so that only one old 
current occurs on the left-hand side of each equation as 


a’ b” ce” a”’ f’’ 


qe’ = = ga"? 4 b”’ — it’ — if" 
Ma Ah ie 58” 

je’ = ie tah ae ie as” 
jel = 50" i ie 58" 

i is eh ie” 


16.37 
The presence of the integer 2 should be noted. 
4. The coefficients of the new currents give the transformation 
matrix C’ changing the network of Fig. 16.18a@ to that of Fig. 16.180. 


e 


(a) Reference networks (b) Derived network 
Fic. 16.18.—Currents in Individual Coils 


(c) The new components of the impedance tensor of the new net- 
work are by C,-2z’-C’ = 


A CHECK ON THE TRANSFORMATION 433 


a”’ b”’ c”’ da”’ f’’ 


Zaa + Lee —Zaa — cf 0 
—Loa— Zfe | ZaatZad +Zy¢| = Zad 


0 “dd Zoo + Zad / 16.38 
—Laa d Zaa + Zda 
—Zaa Lau Zan 


The new components of the impressed coil voltages are by 
C’.e! — Ht == 
. al’ b” c”’ d”’ f”’ 


e” = | Ca + é¢ | —@€a téa—es | —@o tea) —Ca + ea | —€q | 16.39 


The vector I’’ may be found by calculating first the inverse of C’. 


XVII. A CHECK ON THE TRANSFORMATION 


The correctness of C’, z’’, e”’, and I” of Fig. 16.165 may be checked 
by deriving them from the primitive network instead of from Fig. 
16.16a. 

The transformation matrix C” of Fig. 16.80 (by using its primitive 
mesh network) is: 


ea ie’— "Ge" af" 

ib = — ie" 

qe = 40"" 16.40 
42 is qe’ 4ge"’ +40" 

f= — qb" 


This matrix C’’ must be the product of C of equation 16.6 and C’ of 
equation 16.37 or C-C’ = C”. That is 


The two matrices 16.40 and 16.41 are the same. 
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The impedance matrix is 


a”’ b” c”’ a’ f’’ 


Laa + Lie —Zaa nas Lif —Laa —ZLaa 


bY” 1—Zua — Zee | Zaa + Zaa + Zoey Zdd Zua + Zaa| Zaa 


Cr z-C” = c” 0 Zdd Zoo + Zaa Zdd 


Xe ee pe ee es | ese 


d”’ —Laa Zaa + Zad Zadd Zua + Zad 


ee ne SS — eee 


i —Zana Zaa Zaa 


16.43 


This 1-matrix also checks equation 16.39. 

Hence it does not make any difference what n-coil network is used as 
the reference network for the calculation of any n-coil network. The final 
n-matrices and equations are the same, irrespective of the starting point. 


XVIII. THE EQUIVALENCE OF ALL n-COIL NETWORKS 


(a) Now that it has been shown that it is possible to establish a non- 
singubar transformation matrix Cg between any two n-coil networks 
no matter how many meshes, junction-pairs, and sub-networks each 
one has, it follows that the six ‘‘'m-matrices’’ associated with each 
network, namely, €(a), Ea), ta), Lta), 2a(, and Ya)(g), are not independ- 
ent of one another, but are different sets of components along different 
reference frames of six entities, or “geometric objects’ namely, of 
€a, Ea, 1%, [%, Zag, and Y%, 

These great varieties of m-matrices are bound together into the 
six entities by the group of non-singular transformation matrices C%, 
‘because of the fact that each of them may be found from any of the 
others solely by using some particular CZ, and no other n-matrix. 
The components of all transformation matrices of this group contain only 
integers This group may be called the “connection group.” 

Similarly the various equations of performance of all n-coil networks 
are not independent, but can be transformed into one another with the 
aid of Cy. Hence, if the various types of equations have once been 
established for the primitive network (or for any other network), 
similar equations can be established for all asymmetrical, active net- 
works by a routine transformation. 


THE EQUIVALENCE OF ALL n-COIL NETWORKS 435 


It is however emphasized that no groups of transformation matrices 
have as yet been established between networks having different num- 
ber of coils. Such groups will be introduced in connection with the 
synthesis of networks. 

(6) To summarize, in investigating the characteristics, the equa- 
tions, or the behavior of networks, it is not necessary to deal explicitly 
with one particular network; it is often possible to deal with all anal- 
ogous networks at the same time by setting up zxvariant equations. 
This is possible only because of the existence of a group of non-singular 
transformation matrices C2. that can change the equations of perform- 
ance of any n-coil network to that of any other -coil network. The 
transformation mairices that may be established between all possible n-cotl 
networks from a group (the connection group), since they satisf:; the four 
group conditions (Section III, Chapter XI), namely: 

(1) The product of any two C-s is also an element of the group; 
that is if C} changes network 1 to 2 and C§ changes network 2 to 3 
then their product 

C2°C3 = Cy 
changes network 1 to 3. 
(2) The associative law holds: 


(C2-C3) Cg = C2-(C3-C4) 


That is, several successive transformations may be performed in any 
grouping. 

(3) A network remains unchanged by transforming it with the 
unit matrix I, 

(4) Each transformation matrix C has an inverse C—! so that it is 
possible to reestablish the equations of the original network from 
those of the new network with the aid of C !. 

It should be remembered that the existence of this group of C 
implies that four electromagnetic quantities (e, E, i and I) are asso- 
ciated with every network and not just two (e, i or E, I). 


CHAPTER XVII 
INTERLINKED ELECTRIC AND MAGNETIC NETWORKS 


I. THE MAGNETIC AND DIELECTRIC NETWORKS 


(a) In setting up the equations of performance of networks, say 
e = z-i, no attention was paid to the components of the various 
geometric objects. It was understood that they can be constants, 
functions, linear operators, etc. 

Now let a certain special form of z and Y be investigated ‘tn greater 
detail. Let their matrix be symmetrical, that is, let the network be 
stationary and symmetrical, and let it contain only lumped resistances, 
inductances, and elastances. The problem of this chapter is to express 
the z and Y tensors of these special networks in terms of more funda- 
mental tensors. 

(b) In the study of such networks three different types of continuous 
paths will be distinguished, each contributing its share of design con- 
‘stants in establishing z and Y. These are: 

1. The paths described by electric charges. These paths will be 
called the ‘‘electrical network.” 

2. The paths described by magnetic flux lines, to be called ‘‘mag- 
netic network.”’ 

3. The paths described by dielectric flux lines, to be called ‘‘dielec- 
tric network.” 

Each of these networks is built up of “‘coils’’ and “junctions” 
(O-cells and 1-cells). (In rotating electrical machinery these three 
types of networks are generalized to include electric, magnetic, and 
dielectric ‘‘layers’’ (2-cells) also. In addition there are also the 
mechanical networks to be considered in the analysis of rotating machin- 
ery, or of other electromechanical systems.) 

(c) Now, an electrical network consisting of interconnected continuous 
copper conductors will be considered to have no other design constants 
besides resistances fag representing the opposition offered by the net- 
work to the flow of the electric charges. The inductances of the coils 
lag are due to magnetic flux lines that do not travel along the conductors 
as the electric charges do, but follow entirely different paths lying outside 
the continuous copper conductors. Similarly, the elastances sag are 
due to dielectric flux lines located partly in condensers (in discon- 
tinutties introduced tn the conductors). The condensers will not be con- 
sidered as part of the electrical network, since the electric charges do not 


travel along the discontinuities. 
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(d) Hence, when it is assumed that the impedance tensor Zag of a 
network of coils contains other design constants besides resistance 
fap, then it is tacitly assumed that underlying the electricul network there 
are other networks interlinked with it, namely, magnetic and dielectric 
networks, whose presence, however, has been masked by the artifice of 
endowing the individual coils with self- and mutual inductances and 
elastances. 

However, the components of zas, namely, the self- and mutual 
inductances and elastances of the individual coils, may be changed by 
interconnecting the component members of the underlying magnetic 
and dielectric networks in a different manner, without changing the 
interconnection of the electrical network itself; hence in establishing 
the design constants Zag of the electrical network the study of the inter- 
linking magnetic and dielectric networks is necessary. 

On their own right, magnetic and dielectric networks also occur in 
electrical engineering studies, without interlinking with electrical net- 
works. As independent networks their engineering importance is far 
less, however, than that of electrical networks. Their analysis as 
independent networks has been covered in the previous chapters. 


II. EQUATIONS OF PERFORMANCE OF ISOLATED MESH NETWORKS 


(a) If isolated electric, magnetic, or electrostatic fields are con- 
sidered, the relations between the field intensities (impressed quantity) 
and the resultant flux densities (response quantity) along a direction 
assumed at each point of a stationary homogeneous medium are 
respectively 


1. In the electric field: €=ri or t= ge 17.1 
2. In the magnetic field: hk = pb b = wh 17.2 
3. In the electrostatic field: e = sd d= ce 17.3 


The various symbols are defined in Table 17.1. 
TABLE 17.1 


Electrical Material 


e Electric field intensity Resistivity 


h Magnetic field intensity Reluctivity 


é€ Electric field intensity Elastivity 


-_—— recat 


t | Current density Conductivity 


CE ee ed 


Magnetic flux density Permeability 


Electrostatic flux density }| c | Dielectric constant 
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(b) In a stationary non-homogeneous medium a field intensity act- 
ing in one direction produces flux lines that have components in other 
directions also, hence the proportionality factor between the two 
quantities cannot be a scalar. Considering the impressed and response 
quantities at each point as vectors, the constants of the medium become 
tensors of valence two in place of scalars, and the above relations in a 
non-homogeneous medium become 


1. Ca = fast? or 1% = g%Be, 17.4 
2. h* = p*bg ba = paph? 17.5 
3. Ca = Saga d* = ce, 17.6 


The position of the indices follows from considerations to be intro- 
duced later. 

(c) In network studies, instead of considering the field intensity 
at a point, its line integral between two points (a junction-pair) or 
around a closed circuit (a mesh) is considered. Also instead of con- 
sidering the flux density at a point, its surface integral over the cross- 
section of a coil is considered. 

A network with several meshes or junction-pairs may be considered as 
a non-homogeneous field in which only a finite number of directions may 
be assumed (in all other directions the field is zero). 

With such tnterpretations, equations 17.4 to 17.6 remain unchanged, 
representing the equations of performance of the three types of mesh 
networks, each type being an isolated network. 

(d) First the study of tsolated magnetic and dielectric networks 
is undertaken; afterward the effect of their interrelation with electrical 
networks is studied. 


lil. MAGNETIC NETWORKS 


(a2) A magnetic network consists of magnetic conductors (usually 
iron and air) and their junctions as shown in Fig. 17.12. The analogous 
electrical network is shown in Fig. 17.16. Such magnetic networks 
play an important. part in multiwinding transformers, rotating ma- 
chines, measuring instruments, etc. The design constants are the 
reluctances p**, p*®, etc., of the various magnetic members or their 
permeances pac, wos, etc. There are no mutual reluctances p” or 
permeances yu, between the individual members, just as there are no 
mutual resistances between the individual coils of an electrical network. 

The magnetic network can also be considered as a mesh, or as a 
junction, or as an orthogonal network, depending on the point of view. 
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(6) The superimposed electromagnetic quantities are of two 
types: 

1. Muagnetizing forces h*, usually produced by currents flowing 
in coils wound around the magnetic paths at isolated points (m.m.f.’s). 

Permanent magnets also have a magnetizing force; however, they 
will not be considered at this point. 

2. Magnetic flux lines ba. 

Each of them may be an impressed or a response quantity. 


nH 


(a) Magnetic network (b) Its electrical analogue 
Fic. 17.1 


(c) In their physical action m.m.f.’s are analogous to voltages and 
flux lines to currents. In particular: 

1. In a mesh network m.m.f.’s h are impressed at various points 
and flux lines b appear around the closed meshes in response, analo- 
gously to impressed e and response 1. 

2. In a junction network flux lines B are impressed across the 
junction-pairs and m.m.f.’s H (or rather differences of magnetic puten- 
tial) appear in response across the junction-pairs, analogously to 
impressed I and response E. 

Because of certain interdependence existing between the vectors of the 
electrical and magnetic networks tn an interlinked system (to be shown 
an Section VIIIc) the flux lines linking the various coils are represented 
as a covariant vector ba, while the physically analogous current 1s a 
contravariant vector 1%. Similarly, the m.m.f. of a coil is a contravariant 
vector h* while the physically analogous voltage is a covariant vector éq. 

Corresponding to this change, the reluctance tensor 1s p* (physically 
analogous to 7ag), and the permeance tensor 1s es (physically analogous 
to Y.) 

The various equations of performance are analogous to those of 
electrical networks, except that the position of the indices is inter- 
changed. That is: 
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1. For mesh networks the equation of m.m_f. is 
h=p-b | h™ = po, 17.7 
2. For junction networks the equation of flux is 


B=p-H | B= ull” 17.8 


3. For orthogonal networks the equations of m.m.f. and flux are 
respectively 


H+h=p-(b+B) | He +h = p%™(bp + Bs) 17.9 
b + B = p-(H + h) ba + Ba = wap(H? + h*) 17.10 


Since the covariant and contravariant indices of physically analo- 
gous quantities are interchanged, the same dualism exists between 
electrical and magnetic networks as exists between mesh and junction 
networks. 


IV. EXAMPLE OF A MAGNETIC MESH NETWORK 


(a) Let the network of Fig. 17.2 be given in which an electrical 
network is interlinked with a magnetic network, and let the perform- 
ance of the electrical network be found. 

In all electrical network problems hitherto considered it has been 
assumed that the self- and mutual inductances of the individual coils 
(z of the primitive network) are known. 
In the present example it is assumed, how- 
ever, that only the individual reluctances 
p*® of the magnetic members are known. 
Hence 1m order to find the performance of 
the electrical network 1t 1s necessary first to 
remove all electrical interconnections and to 
find the self- and mutual inductances (per- 
meances) of the individual coils (shown again 
in Fig. 17.3a) from the individual reluc- 
tances of the magnetic members. Similar 
cases occur in all multiwinding trans- 
Fic. 17.2—Interlinked Elec- formers. 
tric and Magnetic Network The problem of finding the self- and 

mutual permeances (or inductances) of the 
individual coils placed on a magnetic network is analogous to finding 
the self- and mutual admittances of the individual coils of an electrical 
network after the coils are interconnected into several meshes, shown in 
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Section VIII, Chapter V. That is, the calculation is made in two 
steps: 

1. First the self- and mutual reluctances of the magnetic meshes 
are found from those of the individual magnetic members. 

2. Then the self- and mutual permeances of the individual magnetic 
members (or of the coils wound around them) is found. 

In this section the first step is calculated. The second step is 
calculated in Section XIII. 

(b) The electrical network analogous to the magnetic network of 
Fig. 17.3a is shown in Fig. 17.3c. Their analysis follows parallel 


@s faa 


(a) NMagietis network  (c) Equivalent electrical network 
el Ge GIGIG 
Cael) (Ca) [Ge Eaeales 


(b) Its primitive network (d) Primitive electrical network 


Fic. 17.3 


The primitive magnetic mesh network is shown in Fig. 17.30. Its 
reluctance tensor is 


17.11 
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The components of this tensor, representing the reluctances of the 
various paths, are usually calculated by a field method. Instead of 
reluctances p** .. . of course permeances ug, . . . may be used where 
p* = 1/paa, etc. 

In the magnetic network with every m.m.f. is associated a magnetic 
reluctance member which may have zero reluctance; and with every 
reluctance is associated an m.m.f. whose value may be zero. As a 
consequence the primitive magnetic mesh network contains an equal 
number of electric and magnetic members. The introduction of addi- 
tional coils and reluctances is analogous to the introduction of addi- 
tional voltage e, alongside an impedance Z,, and an additional 
impedance alongside a voltage, so that in the primitive electrical 
network an impedance Z,, is always associated with a voltage e, 
alongside of it. 

The impressed m.m.f. vector is 


m 
a be¢ qd f g 


h=2™=| 7] 0 | ne 0 | a | he 17.12 


(c) Since there are three meshes, any three of the flux lines may 
be assumed as variables as shown in Fig. 17.3a. The flux lines passing 
through each individual magnetic reluctance are also shown. 

The equation of transformation bm = Cm’bm or b = C,;'-b’ is 
established by equating the old and the new fluxes passing through each 
magnetic reluctance p%*, p® as 


ba = ba 

by = ba + by 

b, = by + de e 

be = Bp C, =aAa= 17.13 
by = by 

b, = ber 


The coefficients of the new fluxes give C;'. 

If C;’ is replaced by A, then all the formulas of the electrical mesh 
network may be used for the magnetic and mesh network by replacing 
in them (expressed in direct notation) C by A. 

(d) The new components of the reluctance tensor p’ are found by 
A;-p-A and those of h’ by A;-h as 
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(e) If the 1mpressed m.m.f.’s are assumed to be known, then the flux 
lines existing in the meshes are found by b’ = p’~!+h’ = p’-h’, 

If the three components of b’ have been calculated, the flux lines in 
the individual reluctances are found by b = Arb’. The magnetic 
potential drops (m.m.f.) across each individual reluctance are found by 
h, = p-A-b’, where p-A has already been calculated in equation 17.14 
so that 

a b Cc d f g 


he = | pb," | p?’(bar + by’) | p°(by + der) | p74by. | 0 | ph) | 17.17 


V. DIELECTRIC NETWORKS 


(a) A dielectric network consists of electric conductors and insu- 
lators (say coprer and air) forming paths for the electrostatic flux 
lines. They play important parts in all electrical apparatus subjected 
to high voltages. 

The design constants are the elastances Sua, Soo, etc., of the various 
members, or their inverse, the capacitances C2, (%, etc. They are 
assumed to be concentrated in the air gap between the conductors. 
They are practically always calculated as field problems. There are 
again no mutual capacitances C® between individual members. 

The dielectric network may also be considered as a mesh, junction, 
or orthogonal network. 

(b) The superimposed electromagnetic quantities are: 

1. Electromotive forces é,. They are the same that accelerate the 
electric charges in an electrical network. 

2. Electrostatic flux lines d* (also called ‘‘displacement’’). 

Instead of saying that +q electric charges are placed on point A 
and —gon point B, it will be said that d electric flux lines enter point 
A and leave point B; that is, d electric flux lines flow from point A to 
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point B through whatever paths they encounter between A and B. 
If so desired, electric charges q and electrostatic fluxes d may be inter- 
changed in the following. 

Each of these may be an impressed or a response quantity. 

(c) There is a dualism between a dielectric and magnetic network, 
but there 1s no dualism between a dielectric and an electrical network. 
That is, the electric flux lines d* (or charges g*) and the physically 
analogous current 1% are both contravariant vectors. 

The difference between an electric and a dielectric network lies in 
the manner in which “me enters into their equation of performance. 

(d) The various equations of performance for the three types of 


dielectric networks are analogous to those of electrical networks. 
That is, 


Mesh: — e=s-d Em =Smnl" 17.18 
Junction: — D=C-E D«=C'F, 17.19. 
E+e=s-(d+D) Eatéa = Sag(d’+ D8) 17.20 

Orthogonal: 
—(d+D) =C-(E+e) d*+ De=C*(E,gt+es) 17.21 


In these equations d may be replaced by q. 

(e) In engineering problems magnetic networks usually appear as 
mesh networks, while dielectric networks usually appear as junction 
networks. 

An electric charge appearing at a point is equivalent to electric 
flux lines entering that point as if it were a junction point of several 
dielectric members. That is, the magnetic flux lines appearing in engi- 
neering problems (produced by electric currents) are considered as closed 
lines, while the electrostatic flux lines are considered as open lines. (They 
start at a positive charge and end at a negative charge.) Or magnetic 
flux lines form closed meshes, while dielectric flux lines form open 
meshes. 

Similarly in magnetic networks the impressed m.m.f.’s are usually 
concentrated at a point 1 series with each magnetic member; on the 
other hand, in dielectric networks the impressed differences of potential 
are usually applied across the dielectric members, not in series with 
them. 


VI. EXAMPLE OF A DIELECTRIC JUNCTION NETWORK 


(a) Let the dielectric network of Fig. 17.4a be given, consisting 
of four conductors A, B, C, and D (say the four electrodes of a tube, 
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or the three conductors of a transmission line and the ground, etc.). 
There are three meshes and three junction-pairs, say A-D, A-C, and 
A-B. (Junction A may be the ground.) Let flux lines enter the 
junctions and leave at junction A. (That is, let electric charges be 


fot 
o” f Cite [e 
aes > ()) : primitive junction 


network 
(a) Dielectric junction network 
Fic. 17.4 


o* 


AY 


p+ p%sor 


placed on conductors B, C, and D, assuming conductor A as the 
ground.) The differences of potentials appearing across any two 
conductors are to be investigated. 

(b) The capacitance tensor of the primitive junction network of 
Fig. 17.40 is 


1} cl 

2 Cc a re \E- Eg 
—— |__| |__| —___}___ Mev 

3 C3 ve Ey oN 
—|—|— |_| Z Erfe wS, 


cena? 7 | fel | ae : 
5 Oo 
—--}+-|+}4}—- 


——|—_—_] — | — | —_|—_}——_ Fic. 17.5.—Differences 
of Potential 


The three differences of potential assumed are E,, E,, and E, shown 
in Fig. 17.5, where are also shown the differences of potentials appear- 
ing across each member. 

Equating the old and the new differences of potentials appearing 
across each member 
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u 
u p’ q’ r’ 

Ey Boake 1 
| nn oe + Ey 2 
= —E, +E, 3 

Es Bq + CY =A= 17.23 
Fy= Ey 4 
Es = Ey 5 
Ee — Ey 6 


BY 6s 
Ci + C3 + Cs 17.24 
—Cz3 Co + C3 + Co 


In the equation of flux Dw’ = C’’E,, the flux lines D“’ across the 
junction-pairs are given as 


a a ae 


(It is not necessary to find them by D“’ = D«Cy’.) 
The unknown differences of potential across the junction-pairs are 
found by £, = S,4D’, that is, by finding the inverse of C’’’ as 


17.26 


(dZ) Multiplying S by A as A-S-A, gives the self- and mutual 
elastances of the various condensers S,, while interconnected as 
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Spp— 2S pq Spr —Sor Spr — Sor 
+Saq —Spp +Spq —Sp¢ +Soq 
Sor—S. Srr— 2S pr Srr— Sor 
= Sor +Spq : +Spp ~ Sort Spa Spr Ste Sar - Spa 
Spr — Sng Srr — Sor Srr—2Sor 
a Sar +Soaq ea Spr aa Spy +Soq 


Spp —Spq Spr 7: Spp Sor —Spg 
Spq re Soa Ser —Spq Sar —Soq 


R) pr S qr Srr —S. pr Srr a Sor 


Spp ae Spa Spq —Saq 


Spr —Spq | Ser —Suq 


17.27 


so that Ei, = S,,D’, where D® is the impressed flux lines (charges) 
across each condenser and E,, is the difference of potential appearing 
across each condenser. 


VII. INTERRELATED NETWORKS 


(a) The three types of networks, namely, the electric, magnetic, 
and dielectric networks, in most problems are not isolated from one 
another, but are interrelated in some way. In network studies the 
following two types of interrelation may be considered: 

1. The electric and dielectric networks are interconnected with each 
other, so that a physical contact exists between them as shown in 
Fig. 17.6. 


@ 


Fic. 17.6—Interconnected Electric and Fic. 17.7—Magnetic Network Interlinked 
Dielectric Net works with Electric and Dielectric Networks 


2. The magnetic network is interlinked with both the electric and 
the dielectric networks, so that no physical contact exists between 
them (Fig. 17.7.) 

(b) It is emphasized that these are sharply defined, limiting cases. 
There are many other possibilities. For instance, the magnetic iron 
path itself may form part of the electrical network. But then a new 
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problem arises; that is, in that case a distinction has to be made between: 
(1) the material particles forming the underlying network (the material 
network); (2) the superimposed electromagnetic quantities that also 
form a network (the geometrical network). 

That is, the network formed by the superimposed electromagnetic 
quantities (the network of ‘‘chains’’) is different from the network formed 
by the underlying material network (the network of ‘‘cells’’). In statuonary 
symmetrical network problems these two types of networks coincide in thetr 
entirety, but not so in rotating machinery. 

It should be noted that in a dielectric network the path of the 
electric charges is discontinuous, since the charges are not assumed to 
pass between the two plates of the condenser. That is, im a dielectric 
network both the material paths and the geometrical paths of the electric 
charges are discontinuous. Hence for the present purpose it can be 
assumed that a dielectric network is the same as an electrical network 
having discontinuities. 

However, a magnetic network is fundamentally different from an 
electrical network since no electric charges flow along it or exist upon 
it. Itis the “dual” of the dielectric network. Theoretically there ought 
to be a magnetic network in which magnetic charges flow and produce 
dissipation of heat serving as the ‘‘dual’’ of the electrical network. 
There appears to be no such magnetic phenomenon, however. 


VIII. INTERRELATED ELECTROMAGNETIC PHENOMENA 

(a) Just as the three types of physical networks are interrelated, 
similarly the electromagnetic phenomena superimposed upon them (é. 
and 2%, h* and ba, ¢g and d*) are interrelated. These interrelations are 
given by the field equations of Maxwell. The interlinkage between the 
magnetic and dielectric networks is ignored in this volume. 

(6) Considering a single mesh of each type of network only, when 
the electric circuit is wound N times around the magnetic core, then 


Nb = ¢ = flux linkage (vector-potential) 17.28 
Nt = m = magneto-motive force 17.29 


In terms of these new quantities the interrelations between the 
three types of meshes are 


do 
1. magnetic — electric Ta € 17.30 
2. electric — magnetic m =h 17.31 
d 
3: dielectric — electric = = 4 17.32 
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(c) When several electric and dielectric meshes are interlinked with 
magnetic meshes, the number of interlinkages being represented by the 
tensor N containing the number of turns of each coil, then the above 
relations become for mesh networks 


dd dd m 
1. m tic — electric: —_—= —- = @,, ¢ 

agnetic — electric 7 e di € 17.33 
2. electric — magnetic: m=h mm = hm 17.34 

d dq” 
3. dielectric — electric: =a i te ge im 17.35 

dt dt 

where 

> _ N.-b Dim = NT On 17.36 
m = N-i mn = Nmin 17.37 


(d) The flux-linkage vector $ may be expressed in terms of the 
current vector i as 


> = Ne-b = Ny-peh = N,-p-m = N,-p-Nei 17.38 


If the inductance tensor is defined in terms of the permeance tensor 


as 
| 1 = Ni-p oN | | | = Hoa NaN | 17.39 


then the flux-linkage vector is in terms of the inductance tensor 


| @=1i | | dm = bmnt” 17.40 


The inverse relation may be written as 


i=keo> | im = k™9, 17.41 


IX. THE SELF- AND MUTUAL-INDUCTANCES 


(2) Knowledge of the self- and mutual permeances p’ of the 
magnetic meshes as calculated in Section IV is only the first step in 
calculating 1 of the individual coils. It is necessary to go a step further 
and to calculate the self- and mutual permeances of the individual 
magnetic members, that gives by equation 17.44 the self- and mutual 
inductances of the individual coils that interlink the individual magnetic 
members. 

The step from the mesh permeances to the cotl permeances 1s 
exactly the same as the step from mesh admittances to cot! admittances 
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shown in Section VIII, Chapter V. That is, if the mesh permeance 
py.’ has been calculated by taking the inverse of p’, then the cotl perme- 
ance, by equation 5.30, is 


fp. = Crt.p co! Linn = Mm'n'Cm Ch 17.42 


(b) If only the self- and mutual reluctances p of the primitive 
magnetic network are known, then after interconnecting the magnetic 
mesh network by C,' = A, the self- and mutual permeances of the 
individual coils on the magnetic network, by equation 5.29 (if the 
electric circuits are not yet interconnected), are 


p. = A-(A,-p-A)—!-A, 
Be = Cy (C1 +p-C, 1) 1-C-1 


17.44 


If the individual coils have different number of turns, represented 
by the diagonal turn-tensor N = N%, then the self- and mutual in- 
ductances 1 may be found from the permeances p, by equation 17.39. 

(c) Hence, the self- and mutual inductances | of the primitive electric 
mesh network are found from the reluctances p of the primitive magnetic 
mesh network by 


l= Nz [A> (Az-p-A) ~!- Ai] -N 17.45 


where A = C,’ shows the manner of interconnection of the magnetic 
network and N represents the number of turns of the coils of the primi- 
tive electrical mesh network. There are as many rows and columns in 
l as there are coils. 

When several of the reluctance members have no coils on them, the 
corresponding rows and columns in | automatically drop out by the 
use of N. 

(d) Considering the example of Fig. 17.3a, its reluctance tensor 
has already been calculated in equation 17.15. Its inverse, the per- 
meance tensor, is 


a’ «6(lb’lUc! 


17.46 


Multiplying it by the transformation tensor C,' = A (given in 
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equation 17.13) twice in succession, the permeance tensor of the 
individual coils, by A-p’+ Az, is 


Haa + Mab Hab + Hae Hab Hab Bac 


—_— — — 2 eo. ene eee 


Baat2pab+yob |Mabt1bb+ Hac + Moe [Mab + Hbd [Mab tHbd | Mac t+ be 


rere oe — =e 
~—| —— 
ana. - me wee 


Mab t Mac [Mab t+ Mac t bb + be |Mbb bt 2 be + bee Mbbt Mbe |Mbb+ kbc |kbe + tec 


——. a or = = 
- ———— - 
eee 


Kab + ebb Mbb+Mbe Lb Md 


CE —e 
—— —. ee 


Hab+ Mbb Mobt be 


wee we re — 2 e+ eee — —— wee 


net be be + Mec 


17.48 


Hence the self- and mutual inductances of the four windings are by 


Ni-P N = 
a c f g 


a - NaNe( Mab + Mae) NuNf Mab NaNg bac 


eee | err ereewe ss ae ee Nee et ee ee 


C | Natc(uad + Hac) ne?( non + 2ube + Mee) ens (ud + poe) NcNg (be + Hee) 


l ee 


f NaNy Lad nens(Mod + Bbc) (ny)* noo 


ee ees a mE oe ——. 


4 NaNg bac NcNg( Mbe + pec) NINg ibe (1g)* Wee 


17.49 


X. BASIC AND DERIVED VARIABLES 


(a) In the equations of an electrical network two types of variables 
have been introduced: 

1. The contravariant variable i = 7” used in mesh networks. 

2. The covariant variable E = E, used in junction networks. 

When magnetic and dielectric networks link the electrical network 
two additional sets of variables are introduced: 
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1. The contravariant variables q = q”, representing the electrical 
charges in mesh networks. 

2. The covariant variables = %,, representing the flux linkages in 
junction networks. 

(6) The previous variables i and E may be derived from the 
additional variables q and @ by differentiation, as 1* = dq™/dt and 
E,, = d®,/dt, hence 

1. g™ and , may be called ‘‘basic variables.” 

2. 1" and E, may be called ‘‘derived variables.”’ 

It should be noted that the basic variable is not ¢, but ®, a concept 
different from ¢y, since one refers to a junction, the other to a mesh 
network. Similarly the other basic variable is g™ and not Q™. 

The equations of performance of networks may be expressed in 
terms of these four types of variables in different combinations. 


XI. DUAL QUANTITIES 


(a) It was shown in Section I, Chapter XIV, that the concepts of 
“mesh” and ‘‘junction-pair’’ are dual concepts and all quantities asso- 
ciated with them are also dual to each other. In the previous chapters 
the following dual tensors were introduced: 


1. Impressed quantities: e=e, ~I=I 
2. Response quantities: i=i" >~E=E£; 
3. Network constants: zZ=2,,—-Y¥Y= Y” 


4. Transformation tensors: C = CZ.— C= co’ 


(6) In the presence of interrelated electric, magnetic, and dielectric 
networks the following additional dual tensors occur: 


ee ?=¢a ~Q= O. 

5. Response quantities: 
q=q™ > &= &. 
6. Electrical constants: r= 72, G = G”. 
7. Magnetic constants: 1 = /., ~K = K™. 
Sian C= Cc". 


Also the following dual scalars occur: 


8. Dielectric constants: s 


1. Kineticenergy = T7T— V’ 
2. Rate of heat loss = D— D’ 


potential energy. 


rate of heat loss. 


3. Power input = P— P’ = power input. 
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If the “‘impressed”’ current I is interpreted as ‘‘withdrawn’”’ current 
(current supplied to outside loads) then P’ is a power output. 


XII. THE EQUATION OF VOLTAGE 


(a) The equation of voltage e = z-i of an interconnected electrical 
and dielectric mesh network linked by a magnetic network becomes 
by equations 17.4, 17.18, and 17.33 


dd 


e=r-i+ Wt +s-q Em = Pmnt” +4 ——" + Snag” 17.50 


The electrical network contributes r-i, the interlinked siapaetie net- 
work do/dt, and the interconnected dielectric network s-q. By Kirch- 
hoff’s law the voltages add up around a mesh. 

In terms of the derived variable i (since @ = l-i and q = f idt) 
the equation of voltage of mesh networks is 


di di" ; 
caries ts: fide m= Fant" tlnn +5mn find 17.51 


| e=r-i+ Ip-i + (s/p)-i | | | €m = Tmnt” + lmnpi” + (Smn/p)t” | 17.52 


(b) Hence, the impedance tensor z assumes the following special form 
for stationary symmetrical networks 


d d 
& ne mn = Vmn mn > mn f at 17.53 
y rtigte fa zZ 1mn tl aa f 


z= r+lp+s/p | 2mn = mn + lmnP + Smn/P 17.54 


The electrical network itself contributes r, the magnetic network 
lp and the dielectric network s/p. 
(c) In terms of the basic variable q the equation becomes 


d*q" dq” ‘. 
iad 


representing as many second-order differential equations as there are 
meshes. 

This equation is analogous to the equation of voltage of a single coil 
having resistance 7, inductance /, and elastance s, namely to 


e +r +s sq 17.56 


~ is 
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except that, in accordance with the First Generalization Postulate, 
each scalar is replaced by an appropriate m-matrix, and in accordance 
with the Second Generalization Postulate each n-matrix is replaced 
by a geometric object of valence n. 

(d) In an orthogonal network E and I appear also, so that the 
equation of voltage of an orthogonal network (using spin indices) is 


[ e+e) =+1e+8/2)-G+D] [ Betea=(raetleah+s0/P+T) | 17.57 


The equations of this Section, used in the routine analysis of net- 
works, represent also the explicit form of the dynamical equations of 
Lagrange with contravariant variables, as will be shown in Section XVI. 


XII. THE EQUATION OF CURRENT 


(a) The equation of currentI = Y-E of an interconnected electrical 
and dielectric junction network linked by a magnetic network becomes 
by equations 17.4, 17.35, and 17.41 

dQ 


I=-GE+ 7 +K-# 


; It = GE, + “A + Kd, 17.58 


The electrical network contributes G-E, the interlinked magnetic net- 
work K-®, and the interconnected dielectric network dQ/di. By 
Kirchhoff's law the currents add up at a junction. 

In terms of the derived variable E (since Q = C-E and ® = f Edt) 
the equation of current of junction networks ts 


I=G-E+C-F+K- f Ea 


I = G-E + Cp-E + (K/p)-E 


(6) Hence, the admittance tensor Y assumes the following special 
form for stationary symmetrical networks 


[*= GE, + Cc» c= + Ke f Ea 
17.59 


IY = GWE, + CY’ pE, + (K“"/p)Ey | 17.60 


y-cico+e: fa | ye =o tow + Km fat 17.61 


Y=G+Cp+K/p | Y= G44 K/p| 17.62 


The electrical network itself contributes G, the dielectric network 
Cp, and the magnetic network K/p. 
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(c) In terms of the basic variable @ the equation becomes: 


ae 


oe uy Ody uy Py u 
I=C- 75 +G- + Ke Ma Ce Ge + Ke | 17.63 


representing as many second-order differential equations as there are 
junction-pairs. 
This equation is analogous to that of a single coil 


[= ci Go Ko 17.64 
iP = a 
with each scalar replaced by an appropriate geometric object. 
(d) In an orthogonal network e and i appear also, so that the equa- 
tion of current of an orthogonal network (using spin indices) is 


i+Il=(G+Cp4+K/p)-(E +e) i* 4 [* = (G28 4 C#Bp+4 K28/b)( Ep +e) 


17.65 


The equations of this Section, used in the routine analysis of net- 
works, represent also the explicit form of the dynamical equations of 
Lagrange with covariant variables, as will be shown in Section XVI. 


XIV. THE EQUATION OF POWER 


(a) If the equation of voltage 17.52 is multiplied by i, each term 
represents a power 


i-e = i-er-i + i-lp-i + i-s/p-i 
Cmt™ = Pmnt™Z” + [mal pt")t™ + Sin (: ir) ™ 


Since i = dq/dt = pq, therefore the equation of power is 


i-e = i-r-i + p(Ji-l-i) + p(3q-s-q) 17.66 
Cni™ = Pai” + p(Slmat™") + p(45mnQ™Q") 17.67 
where 
1. i-e = P = total power input into the electrical mesh network. 
2. i-r-i = D = rate of heat dissipation in the electrical network. 
3. i-l-i/2 = T = kinetic energy stored in the magnetic network. 


4. q-s-q/2 = V = potential energy stored in the dielectric net- 
work. 
Hence the equation of power of mesh networks is 


P=D+—+— 17.68 
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(6) Multiplying the equation of current 17.60 by E 
E-I = E-G-E + E-Cp-E + E-K/p-E 


EI" = G’EVE, + C""(pE,)Ey + K« (; E,) Ey 17.69 


Since E = d@/dt = p%, therefore the equation of power is 
E-I = E-G-E + p(ZE-C-E) + o(38-K-&) 17.70 


E,I" = G’E,E, + p(}C’E,E,) + p(3K'S,4,) 
where 

1. E-I = P’ = total power input into the electrical junction net- 
work. 

2. E-G-E = D’ = rate of heat dissipation in the electrical network. 

3. E-C-E/2 = V’ = potential energy stored in the dielectric net- 
work. 

4. 6-K-$/2 = T’ = kinetic energy stored in the magnetic net- 
work. In terms of P’, D’, V’, and T’ the equation of power of junction 
networks is 

Lop 
PeDraut 7 17.71 


XV. QUADRATIC AND HERMITIAN FORMS 
(a) The various expressions for power and energy 
icr-i=D | E-G-E=D’ Tmit™"=D | GY’ EVE, =D’ 17.72 
i-l-i=27T | @-K-$=2T' | 1n.t™"=2T | K“"O,0,=2T" 17.73 
q°s:q=2)' | E-C-E=2V’ | Smag™qg*?=2V | Cv’ E,E,=2V' 17.74 


are all quadratic forms. On the other hand, the total power input, 
i-e = Pand E-I = P’ are linear forms. 

When the components are complex numbers, the corresponding 
quadratic forms change into bilinear forms as 


i-r-it=D | E*-G-E=D’ | ragi™i"=D | G°E,E;=D’ + 17.75 
i-l-it=2T | *-K-$=27" | lagiti"=2T | K“6,6;=2T’ 17.76 
q-s-q*=2V | E*-C-E=2V" | sang™g"=2V | C°E,E;=2V' = 17.77 


that is, the conjugate of one of the variables is taken. 
Since the components of r, 1, etc., are real numbers, r = r* and so 
on. Because of this property of the coefficients of the six bilinear forms, 
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the latter are called ‘‘hermitian forms.”” The value of a hermitian 
form (a scalar) is always a veal number and not a complex number. 

When any of the transformation tensors C of this volume are used 
for stationary, symmetrical networks, all these six quadratic (or 
hermitian) forms also remain invariant under the transformation in 
addition to the two linear forms. 

(b) It should be emphasized that the assumption of the invariance 
of the power input 1s far more general than those of the invariance of 
the various quadratic forms, since in asymmetrical networks in general no 
quadratic forms exist, their z or Y tensor being asymmetrical, but a linear 
form does extst. 


XVI. THE DUAL EQUATIONS OF MOTION OF LAGRANGE 


(a) The explicit forms of the equations of Lagrange, equations 
17.52 and 17.60, that are used in the study of networks, may be 
brought to their amplicit forms given by Lagrange by replacing the 
expressions containing tensors of valence two rr, I, etc. with equivalent 
expressions containing only scalars and vectors. These implicit 
equations however are not in a suitable form for the routine calcula- 
tion of the large variety of systems. 

Let in the equation of voltage 17.52 the following substitutions be 
made (remembering that r, 1 and s have symmetrical matrices in all 
reference frames and are not functions of the variables or of time). 


1 oi-r-i oF 


where 


r 
. ; (; att) or 
Ip-i = pli = p(- —") = p = 


s/pi=s-q= 54 


In terms of these scalars and vectors the equation of voltage 
17.52 becomes 


This form of the equation of voltage containing the scalars, T, V, and 
F is a special case of the equation of motion of Lagrange expressed in 
terms of the two contravariant variables q™ and 1™. 
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(b) Similarly in the equation of current 17.60 let the following 
substitutions be made 


where 
F’ = dual dissipation function = 4E-G-E = D’/2 


108-K-@ 97" 
K/p-E = K-% = —- ————- = —— 
/P: nae ary ware’: 
In terms of these scalars and vectors the equation of current 17.60 
becomes 


OF’ _ (-T"') , OF 17.79 


“OE ~~ Oby dE 


This form of the equation of current is a special form of the equation 
of motion of Lagrange expressed in terms of the two covariant variables 
d, and Ey. 

(c) The dual equations of motion may be given a more symmetrical 
form by defining: 

Lagrangean function: L = T — V 17.80 


Vv’ —T" 17.81 


Dual Lagrangean function: L’ 
In particular in terms of contravariant variables 
L = (i-l-ei — qes-q)/2 | ZL = (Lmnt™i™ — Smng™q”)/2 17.82 
and in terms of covariant variables 
= (E-C-E — ®-K-&)/2 | L’ = (C“’E,E, — K’&,,)/2 17.83 


In terms of the Lagrangean functions LZ and L’ the dual equations 
of motion become 


ee GOL daL aL Ls 


dt di = m” di ai™ — aq™ 17.84 


doL’ aL’ . dF’ 
"= dE. ~ a%, + aE 17.85 
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Hence the dual Lagrangean equations of motion give either the equation 
of voltage of ‘‘mesh’’ networks or the equation of current of ‘‘junction”’ 
networks, depending whether contravariant variables, g™ and 1™ or 
covariant variables, ®, and E,,, are assumed. 

It should again be emphasized that the contravariant and covariant 
variables are independent of one another, the first appearing in the 
meshes, the other in the junction-pairs of a network. 


CHAPTER XVIII 


THE METRIC TENSOR 


I. NETWORKS WITH ZERO DESIGN CONSTANTS 


The fact that in stationary networks z or Y can be subdivided into 
three component tensors allows the introduction of new types of design 
constants (consisting of ratios only) and new types of equations. Before 
introducing new types of design constants let networks without design 
constants be considered in passing. Such networks play important 
part in relays, switches, control equipment, etc. 

The simplest electrical network consists of a number of intercon- 
nected branches having zero resistances as shown in Fig. 18.1 for five 
branches, along which no voltage drops exist. The only electrical 
concepts associated with it are the currents flowing through the net- 
work. By ¢onsidering Fig. 18.1 as an all-mesh network it is possible 
to set up for it with the aid of Kirchhoff's First Law a non-singular 
(square) transformation tensor C2., in which all abstract properties of 


Fic, 18.1.—Network with Zero Fic. 18.2.—Network with Zero 
Impedances Admittances 


the network are codified. The theory of this simple network is the 
theory of Co. 
Its dual network consists of a number of interconnected conduc- 
tanceless branches as shown in Fig. 18.2 having no currents in the 
460 
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branches. The only electrical concepts associated with it are the 
voltages appearing across the junction-pairs. It is possible to set up 
for it with the aid of Kirchhoff’s Second Law the inverse transforma- 
tion tensor C%’, codifying all abstract properties of the network. 

Elementary topology studies the properties of these types of networks 
with which no design constants are ussociated. The network is completely 
characterized by tts transformation tensor. 

Geometrically, a network with zero design constants (but with a 
Cz’) is equivalent to a space in which neither the ‘“‘magnitude”’ nor the 
“direction” of vectors introduced into it is defined. 


II. THE BASIC INVARIANTS 


(a) The first step in endowing a network with design constants 
consists of introducing resistances Fr = fmn, so that their equation of 
voltage as a mesh network is e = r-i. 

When an underlying magnetic network links the electrical network, 
the coils are endowed by additional design constants, the inductances 


di 
1 = lan, so that its equation of voltage ise = r-i+l1- ea 


When the electric mesh network is interconnected also with a 
dielectric network, it acquires still another set of design constants, 
the elastances S = Sm,, so that its equation of voltage becomes 


@? d 
ger ea a G/p) iw do es — ecg 


(b) The three independent types of design constants of the net- 
work, namely: (1) the resistance tensor fr = fmn, (2) the inductance 
tensor 1 = Imn, (3) the elastance tensor S = Sma, are called the “‘basic 
invariants’ of the network. They determine the “structure” of the 
network. 

The superimposed electromagnetic quantities are variables, in 
particular let it be defined arbitrarily: 


1. gq = g™ is the basic variable. 
2. i = 2™ is a derived variable. 
3. © = mis a parameter. 


There is also the independent variable ¢. 

All the other invariants of the mesh network are derived from these 
basic invariants by differentiation, or by combination with each other or 
with the variables. 

Although in the general case the components of the structural basic 
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invariants r, 1, and s are functions of the variable i, in this volume it 
is assumed that their components are all constants. Also in the general 
case basic invariants are not necessarily tensors. 

(c) One of the purposes of tensor analysis is to derive other in- 
variants from the given basic invariants and the variables of a geo- 
metrical or physical system. There are numerous ways of deriving 
invariants from the basic invariants. For instance, deriving new 
invariants from basic invariants by differentiation is shown in Section 
IV, Chapter XV. 

Another way of deriving new invariants is by forming products of 
basic invariants and variables. Such geometric objects are called ‘‘simul- 
taneous invariants.’ Simultaneous invariants are, for instance, the 
four scalar ‘‘forms”’ 


P=i-e, D=i-r-i, T = i-l-i/2 and V = q-s-q/2 


(d) A junction network possesses the dual invariants of those of a 
mesh network. From its equation of current 
d*$ dé 


ye + &tg te F 


I = G-E+Cp-E + (K/p)-E=C- = 


its basic invariants are: 


1. The conductance tensor G = G*’, 
2. The susceptance tensor K = K*’, 
3. The capacitance tensor C = C’. 


Its variables are: 


1. @ = @, is the basic variable. 
2. E = KE, is a derived variable. 
3. I = J“ is a parameter. 


Its simultaneous invariants are the same as those above except 
defined in terms of the junction basic invariants and variables, namely 
P'=E-I, D'’=E-G-E, 7’ = $-K-$/2 and V’ = E-C-E/2. 


Ill. GENERALIZATION OF THE ‘PER UNIT” SYSTEM 


(a) In studying many physical phenomenon or geometrical relation 
or building any engineering structure, one of the first steps in simplifying 
the problem 1s to eliminate from view the concept of ‘‘magnitude"’ 1n some 
way. If possible small-scale models are built, or the problem is 
expressed in terms of ratios of quantities instead of the actual quantities 
themselves, etc. 
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(b) The first step in introducing ratios into the problem is to select 
some convenient magnitude of voltage, current, etc., as unity and 
express all similar quantities as their ratio. For instance the full-load 
current may be denoted as ‘‘1”’ unit of current and all other currents 
are expressed as a fraction or multiple of the full-load current. Similar 
units may be selected to express the voltages, the reactances, etc. 

Instead of calling the reference quantity ‘‘1,” it is also customary 
to call it “100 per cent’’ and express all cther quantities as its per- 
centage. This is the so-called ‘“‘per unit’? system used in electrical 
engineering problems. 

By the use of such ratios two apparatus of different magnitude 
may be compared with each other, to see which one of them has, say, 
larger or smaller percentage of short-circuit reactance or of resistance, 
and so on. 

All formulas of this volume are equally valid if all quantities are 
expressed in this type of a “‘per unit” system. That is, it does not make 
any difference as far as the formulas of this volume are concerned in 
what units the components of the various geometric objects are measured. 

(c) This first step is not quite satisfactory since it does not correlate 
the magnitude of quantities of different types like that of resistances 
and reactances. A second step is made in the design of apparatus by 
expressing its performance in terms of rulios of two different types of 
quantities, such as 7/X = resistance/inductance. In comparing two 
apparatus in terms of such ratios the ratios are a measure of the 
quality of the apparatus in regards to efficiency or cheapness, etc. 

(2) Tensor analysis supplies a systematic procedure by which the 
performance of physical systems is expressed in terms of ratios of two 
different types of design constants, instead of in terms of their actual 
values. That is, tensor analysis supplies a routine procedure by which 
the actual ‘‘magnitudes” of physical quantities can be made to disappear 
from the picture and reappear again at will, During disappearance their 
place is taken by those ratios of the physical quantities that play a 
deciding role in the analysis. That routine procedure is called the 
“raising and lowering of indices." 


IV. THE METRIC TENSOR any 


(a) The basic invariant that plays the central role in the disappear- 
ance and reappearance of the concept of ‘‘magnitude’’ is the induc- 
tance tensor 1 = Jm., representing the self- and mutual inductances of 
the various meshes. Because of tts role, the wnductance tensor |mn 1S 
called in tensor analysts the ‘‘metric tensor’’ and is denoted by dmn (in 
geometrical tensor literature by gmn.-) 
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The metric tensor dm, represents the additional characteristics acquired 
by the electrical network owing to its linkage with an underlying magnetic 
network. It is a symmetrical tensor of valence two. (It may be men- 
tioned that in the presence of termanent magnets the inductance tensor 
lmn tS not symmetrical, since the linkage is unidirectional, no flux lines 
linking the magnet, and it cannot be assumed as the metric tensor Amn-) 

For instance, the metric tensor of a two-winding transformer 
(Fig. 18.3) is 


Pp s 


18.1 


Fic. 18.3.—Two-winding Transformer 


In mechanical problems the moments of inertias and the products of 
inertias of the various masses may form the components of a metric 
tensor. 

(6) It is one of the few tensors of valence two whose inverse is 
denoted by the same base letter as a™™. (Other tensors are, for 
instance, C9: whose inverse is C3’, also the unit tensor /3 whose inverse 
is 1°.) The inverse of that of the two-winding transformer is 


18.2 


where D = L,L, — M?. Since the short-circuit inductance of the prim- 
ary winding is L, = L, — M*/L,L., therefore D = L,L, = L.Lj. 
Also, if the leakage coefficients are \, = M/L, and A, = M/I,, the 
inverse metric tensor 1s 


18.3 


(c) Since inductances are proportional to permeances (equation 
17.39 and the inverse of a permeance is a reluctance), it may be said 
that: 

1. The metric tensor am, represents the self- and mutual permeances 
of the underlying magnetic network measured with all coils of the 
electrical network open-circurted. 
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2. The inverse metric tensor a"" represents the self- and mutual 
veluctances of the underlying magnetic network measured with all 
coils of the electrical network short-circuited. 

Expressing it in another way: 

1. In measuring the components of the metric tensor an, the 
magnetic flux lines follow paths with the maximum possible permeances 
(Fig. 18.4a). 


(a2) Magnetic paths with maximum (b) Magnetic paths with minimum 
permeance permeance 
Fico. 18.4 


2. In measuring the components of the inverse metric tensor the 


magnetic flux lines follow paths with the minimum possible permeances 
(Fig. 18.40). 


V. THE RAISING AND LOWERING OF INDICES 


(a) The metric tensor dm, has the following important properties: 

1. If an upper (contravartant) index of any tensor is multiplied by 

the metric tensor Onn, the upper index becomes a lower (covariant) index. 
For instance 

Kr" Ank = KK”. or A; arp _ 7, ae 18.4 


All the other indices of the tensor and its base letter remain undis- 
turbed. The indices also keep their proper order as 


KO on = KS 18.5 


where the third upper index k became the third lower index r. Similarly: 
2. If a lower (covariant) index of any tensor 1s multiplied by the 
anverse metric tensor a™", the lower index becomes an upper index. L.e. 


K™, 40" = KU or 8" dma = tn 18.6 


These rules for changing the indices are not valid for geometric 
objects, only for tensors. (It should be remembered that the indices of 
n-matrices are neither covariant nor contravariant, and these rules 
have no meaning for them.) 

Several indices may be raised and lowered in one step as 


K™ a dees = K™ 3: 18.7 
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(6) Tensors that have the same base letter and the same number 
of indices, but in different position, are called ‘“‘associated tensors"’ 
(Section IV, Chapter VIII.) Hence, associated tensors can be changed 
tnto each other with the aid of the metric tensor. 

(c) If one index of the metric tensor itself is raised the mixed 
metric tensor is the unit tensor I;. That is 


Gnna™ = aca7l =I = ak = JF 18.8 


As a consequence, two dummy indices, one an upper, the other a 
lower index, may interchange their position as 


Runt” = Ravin 18.9 
since Rani® = Rulti" and Ik = a*?aqp 
hence Rinnt® = (Raut?) (Qnpt”) = RaPtp = Ra"tn 


VI. ASSOCIATED TENSORS OF THE DESIGN CONSTANTS 


(a) The three design constants or basic invariants of a mesh net- 
work are defined as twice covariant 2-tensors fma, @mn, Smn- If they are 
multiplied by the inverse metric tensor they become mixed 2-tensors, 


namely 
= ret} 18.10 18.11 [snna™® = sn 18.12 


(b) The mixed resistance tensor 1,." contains such ratios as: 


maa 


resistance A 


—_—-———_—————— = — = 6 = decrement factor 18.13 
short-circuit inductance L’ 


For a two-winding transformer 


—Ap(Tp/ Ly) 
r,/Ls 
18.14 


In terms of ‘decrement factors”’ 6,, the mixed resistance tensor is 


18.15 
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If a coil with resistance 7 has no mutual inductance with other 
coils, its short-circuit inductance is the same as its own inductance L 
and the corresponding term in 7,," is 7r//.. 


(c) The mixed elastance tensor s,," contains such ratios as: 


elastance S 1 ; 
CL’ 


ryan: ‘ =o. = vu = frequency factor 18.16 
short-circuit inductance L’ q y 


If a coil with capacitance C has no mutual inductance with other coils, 
the corresponding term in C,," is 1/LC. 


VII. ASSOCIATED TENSORS OF THE ELECTROMAGNETIC QUANTITIES 


(a) If the current vector 7” is multiplied by the metric tensor 
Qmn, it gives the flux linkage vector ¢n 


Hence, the flux linkage vecior ¢, may also be written us a covariant 
current 1m. Similarly, the current vector 1“ may also be written as a 
contravariant flux linkage 


In mechanical problems ‘‘velocity”’ v™ and ‘‘momentum” M,, (mass 
X velocity) are in the same relation as “current” and “flux linkage’”’ 
are in electrical problems. That is, v™ = M” and My = dn. 

(6) If the «mpressed voltage vector én is multiplied by the inverse 


metric tensor, it gives 


There appears to be no concept in electrical engineering usage corre- 
sponding to e”. Its components contain expressions such as e/L’. 
It represents the acceleration of the electric charges. 

In mechanical problems “acceleration” a™ and “applied force” fm 
(mass X acceleration) are in the same relation as e” and e,, are in elec- 
trical problems. 

Similarly there is no electrical equivalent to ga = @"@ma. (How- 
ever, in junction networks both E* and Q, have a physical inter- 
pretation, on the other hand J, and &* have none, as will be shown in 


Section XV.) 
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VI. THE MIXED EQUATIONS OF PERFORMANCE 


(a) The equations of voltage of stationary symmetrical nesh 
networks 


Cn = (7 mn + LanP + Smn/p)t” 18.20 


may be expressed in terms of mixed tensors by interchanging the posi- 
tion of the two dummy indices n giving 


em = (tm + Ind + Sm'/b)on 18.21 


That is, if in the equation of voltage the current 1" ts replaced by the 
flux linkage dm as the variable, then only two types of design constants, 
namely decrement factors 5 and frequency factors v, occur tn the equations. 


That is 
Bn” = 1m" + Ind + Sm"/D 18.22 


The new z,,”" is found from the usual 2m, by multiplying it by the inverse 
of the inductance or metric tensor. 

(6) Two special cases are of interest: 

1. If the dielectric network ts absent 


Its matrix contains the differential operator » only in the diagonal 
components as in 


18.24 


This matrix is called the ‘“‘characteristic matrix,'’ and its differential 
equation ém = 2,:"¢n is called the “characteristic equation” or ‘‘secular 
equation."’ A very extensive literature 1s available in the theory of matrices 
on the properties and methods of solution of these types of differential 
equations. 

2. If the resistances can be neglected, as they can in oscillatory 
circuits, the mixed impedance tensor becomes 


Zn = Imp + 5,"/p 18.25 
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and with no impressed voltages the differential equation of the oscillatory 
system 1s 


O = (Imp? + 5m”)in 18.26 


containing p? in each of its diagonal components. It is a ‘‘character- 
istic equation.” 

(c) Instead of replacing the current 7” by the flux linkage ¢,, as 
the variable, the mixed design constants could have been introduced 
by replacing e» by e” by mulitplying every term of the equation by a™ as 


ak™e,, = a*™Zmnt” 


c= ot in (t+ TED + sta/pyi® 18.27 


(d) It is the best procedure to set up the mixed impedance tensor 
zm first for the primitive mesh network, then transform it for the actual 
network. The transformation formula of 2,," is 


00 


IX. ADVANTAGES OF THE USE OF THE MIXED TENSORS 


For design purposes and for numerical calculations it is advan- 
tageous to change the equations from 2m, to 2,° or from Y"™™ to Y"~m, 
that is from resistances, inductances, and capacities to ratios, namely 
to decrement factors 6 and frequency factors v. The advantage of their 
use is manifold: 

1. Their value for a given type of apparatus varies little from one 
design to another, from small to large apparatus, etc., hence the final 
numerical answer can be estimated more easily, fewer mistakes are 
made in placing decimal points, etc. 

2. The same results are valid for several apparatus of different 
sizes. 

3. When the amount of copper or iron or insulation is varied, 
the mixed design constants vary proportionally. 

4, These ratios are little affected by saturation. 

5. In plotting graphs and curves for the quick determination of 
the performance of a line of apparatus of various sizes, the mixed design 
constants are the most logical parameters to use since their number is 
less than the number of usual design constants. 
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6. In finding the roots of the algebraic equations in p to solve the 
differential equations, the roots are functions of the mixed design con- 
stants only. 

7. In graphical performance calculations the loci can be easily 
determined if mixed design constants are used for its construction. 

It is possible to replace the mixed design constants developed in the 
previous sections by new and fewer design constants. ‘Their study, how- 
ever, is not undertaken here. 

(The rest of this chapter covers geometrical representations and 
may be left out without disturbing the developments that follow.) 


X. THE UNIT ELLIPSE 


(a2) When a metric tensor is introduced, both the current vector 7™ 
and the flux linkage vector ¢m may be denoted by the same base letter 
4 or ¢, expressing the fact that both current 1” and flux linkage im are 
two different representations of one and the same physical entity 1. The 
question now is: What physical entity does the base letter 7 represent? 
It should be recalled that in Section III, Chapter VIII, this same 
question was left unanswered. 

In order to answer that let first a geometrical representation of the 
metric tensor Gm, be given by assuming a plane with a rectilinear refer- 
ence axis and a current vector on it as explained in Chapter VIII. 
It should be understood that the representation of the current vector 1™ as 
lying in an n-dimensional ordinary space (affine space) is not correct for 
networks; it is too general, as explained in Section XI, Chapter VIII, 
but it will serve the purpose 
of explaining the geometrical 
concept of “magnitude.” 

Hence let a current vector 
be given, say 


a 


i” = | 1.34 | 0.772 | 18.29 


0 On the plane of Fig. 18.5 

Fic. 18.5—The Contravariant Vector i". jt is represented by assuming 

any two lengths OA and OB 

along axes a and 6 as unity, then measuring OM = 1.34 OA along 
axis a and ON = 0.772 OB along axis b, determining thereby point K 

bya parallelogram. The length OK represents the given current vector 
a™, since its components OM and ON are 1.34 and 0.772 respectively. 
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(b) The question now arises: What is the ‘‘magnitude” of vector OK 
(or what is the “distance” between points O and K)? Theoretically, 
it is permissible to associate with vector OK any arbitrary number and 
call it its ‘‘magnitude”’ (or the ‘‘distance between points O and K’’). 
Practically, however, the following mechanism is established to attach 
‘“‘magnitude” to any vector drawn on the plane with point O as its origin. 

Draw any arbitrary ellipse on the plane with its center at O. By 
definition, any contravariant vector drawn from. the origin O to the ellipse 
has unit “magnitude.” If the vector does not touch the ellipse, its 
‘‘magnitude”’ is measured with this unit. 

For instance, on Fig. 18.6 the magnitude of vector OK is OK/OP = 
1.73, where point P is the intersection of vector OK with the ellipse. 


Fic. 18.6—Representation of the Metric Tensor amy 


That is, 7m every direction a different length serves as the unit of ‘‘magni- 
tude,”’ and the same vector OK has a different magnitude if it is rotated 
around the origin, since it cuts off a different length from the ellipse 
along each direction. 

In an 2-dimensional space the ellipse becomes an 2 — 1 dimensional 
ellipsoid or a ‘‘quadric surface.” 

(c) This elaborate definition of the “magnitude” of a vector (or 
‘distance’ between two points) reduces to the usual definition in the 
special case when (Fig. 18.7): 


1. The axes are at right angles to each other. 
2. The two measuring vectors OA and OB are equal. 
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3. The ellipse is a circle. 
4. The circle passes through points A and B. 


(d) It is emphasized that there ts no relation between the measuring 
vectors OM and ON assumed and the 
ellipse assumed; they are entirely in- 
dependent of each other. The assump- 
tion of the measuring vectors deter- 
mine the ‘‘components’” of 1”, and 
the assumption of the ellipse deter- 
mines the ‘‘magnitude”’ of 2”. 

It is also emphasized that zt ts not 
necessary to define the ‘‘magnttude’’ of 
a vector when the ‘‘components’’ of the 
Fic. 18.7.—The Metric Tensor ina vector are given. For instance, in the 

Euclidean Space general case of the impedance tensor 

Zmn the metric tensor @m, may not be 

defined, but nevertheless e, and i™ have an existence geometrically 
and physically. 

Hence, in using the equations €m = Zmni", the concept of ‘‘magnitude’’ 
does not enter into the study at all. 


XI. THE MAGNITUDE OF A VECTOR 


(a) The unit ellipse, serving as a scale for the determination of 
‘magnitude,’ may also serve as the geometrical representation of the 
metric tensor Gmn. .hat is, if the components of the metric tensor are 
given the unit ellipse can be constructed. If 


n 
m a b 
0.6 | 0.547 
0.547 | 1.32 
then the unit quadric surface is defined as 


where 1” may assume any values. For the given value of dm, this 
equation is 


a 


4 


18.30 


Gmn 


0.6(22)? + 2 X 0.547 292? + 1.32(4%)? = 1 


If various values are assumed for 7* and the equation is solved for 7°, 
the point describes the ellipse of Fig. 18.6. Hence the metric tensor 
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Amn determines a quadric surface with the aid of equation 18.31 just as a 
covariant vector €» determines a plane with the aid of equation 8.3 
(emt™ = 1). 

(b) Lf a vector A™ 1s given, its ‘‘magnitude” 1s defined with the aid of 
the metric tensor as 


(Magnitude of A™)? = |A|? = am, A™A" 18.32 


This formula is a generalization for rectilinear axes of the Pythagorean 
theorem for rectangular axes. 

For instance, if A™ is the vector given in equation 18.29 and shown 
as OK in Fig. 18.5, then the square of its magnitude is A-a°A or 


0.6 0.547 
1.34 | 0.772] - 
0.547 | 1.32 


a 


[ema 


——> 


Hence, the magnitude of A™ is \/3 = 1.73. Fig. 18.6 also gives for 
OK/OP = 1.73. 
Since Gm.A™ = Ang, the magnitude of A™ is also 


(Magnitude of A™)* = |A|? = AmA™ = a™"AmAn 18.34 


XJI. THE POLE AND POLAR OF AN ELLIPSE 


and 


18.35 


The contravariant vector A™ represents a point K on Fig. 18.6. If 
it is multiplied by ama, it becomes a covariant vector dmnA™ = An, 


n . 
a b 


It is represented by the line ST on Fig. 18.6 whose intercepts are OK 
= 1/1.227 and OH = 1/1.752. 

’ There is an interesting relation between the line of Am and the 
point A™, If the point A™ and the ellipse mn are given, the line Am 1s 
found by drawing tangents from point A™ to the ellipse dmn. The tangent 
lines are shown as KS and KT. The line A» connects the points of 
contact of the tangent lines. 


o;= 
~z | w& 
~ | = 
Nw 
_——- 
il 
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The point K is called the ‘‘pole,’’ and the line ST is called the 
‘‘tolar" of the ellipse. If one is given, the other can be uniquely 
constructed. Hence, the point A™ 1s the ‘‘pole’’ and the line Am ts the 
corresponding ‘‘polar’’ of the ellipse dn. 

In an n-dimensional space (when A™ has m components) dm, is an 
n — 1 dimensional quadric surface (ellipsoid), A” is a point, and A » is 
an m — 1 dimensional plane, the ‘polar plane” of the “pole” with 
respect to the quadric surface. When the ellipsoid (an,) is given, for 
every point A™ of the m-dimensional space belongs one, and only one, 
n — 1 dimensional polar plane Am, and vice versa. 


XIII. THE STORED MAGNETIC ENERGY 


(a) The contravariant vector 1” represents the currents flowing in 
the meshes. Its ‘‘magnitude’’ is 


(Magnitude of i)? = |4|? = amai™i® = 2T 18.36 


Hence, the square of the ‘‘magnitude”’ of the current vector 1™ 1s equal to 
twice the stored magnetic energy in the network. 

The covariant vector tm = ¢m represents the flux linkages of the 
meshes. Its magnitude is 


That is, the square of the magnitude of the flux linkage vector ¢m is 
also equal to twice the stored magnetic energy. 

Hence, the current vector 1" and the flux linkage vector om are two 
different types of representation of one and the same physical entity, the 
‘stored magnetic energy’’ or ‘‘ kinetic energy’ of the system. 

(b) The fundamental physical entity existing in a network—or any- 
where in nature—ts ‘‘energy.'’ Every form of energy has the property 
that it is measured by instruments in two different manifestations: 

1. Asan ‘intensity factor,” like current 1” or velocity v”, represented 
as the contravariant components of energy. 

2. As an “extensity factor,” like flux linkage ¢, or momentum 
Mn, represented as the covariant components of energy. 

The product of an intensity and an extensity factor is energy, that 
is, the product of a contravariant vector and a covariant vector 1s energy 
like 27° = 1"%¢m = v™M nm. 

Hence when the ‘‘components”’ of the current vector 7™ alone are 
known it is impossible to determine how much stored magnetic energy 
those components represent. Their existence points only to the exzst- 
ence of a physical entity, namely to that of the magnetic energy. The 
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same applies if the flux linkage vector ¢» alone is known. If, however, 
the metric tensor dm, is also known then from the current vector alone, 
or from the flux linkage vector alone, the amount of stored magnetic 
energy (the ‘‘magnitude’”’ of 7” or ¢,,) may be determined. 

Expressed in another way, with many mesh network there 1s associated 
an actually existing physical entity, the stored magnetic energy 1. This 
entity has two types of components in the network, that can be meas- 
ured by two different types of instruments. The contravariant com- 
ponents 2” are measured by an ammeter, the covariant components 
tm by a flux meter. 

There 1s no such physically existing quantity 1n a network as the 
“resultant current vector,” or the “resultant flux linkuge vector’’ There 
1s, however, a physically existing quantity, the ‘‘resultant stored magnetic 
energy’ 1, which has ‘‘contravariant components” i” and ‘‘covariant 
components” im = dm. The components of 1 may assume different 
values as the reference frame varies, but the magnitude of i is inde- 
pendent of the reference frame assumed. 


XIV. THE THERMODYNAMICS OF NETWORKS 


(a) For the sake of simplicity let an orthogonal network with only 
stored magnetic energy be assumed, say a multiwinding transformer 
network in which the winding resistances are ignored. 

In any orthogonal network of n coils the k meshes with k impressed 
voltages e may be assumed as tmput terminals, while the n — k 
junction-pairs supplying  — & load currents I to outside loads may be 
assumed as output terminals. That is, any orthogonal network may be 
considered as a generalized transformer in which the meshes are the in but 
terminals and the junction-patirs the output terminals. Energy flows 
anto the meshes and out of the junction-pairs, and the network serves 
as a device transforming the magnitude, phase, and number of voltages 
and currents. 

Hence an orthogonal network transforms one form of electrical 
energy into another form. 

(b) In an orthogonal network the metric tensor @ = dag (representing 
the self- and mutual inductances) may assume two extreme values: 

1. When the junction-pairs are open and no current I is supplied 
to the load, a is equal to that of the mesh network a; and it has k 
rows and columns. 

2. When the junction-pairs are short-circuited and no terminal 
voltage E appears across the loads, a becomes 


a’ = ay— &2°a,~!-ag 18.38 
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In the first case the stored magnetic energy in the network is a 
minimum and the flux lines follow paths with the maximum possible 
permeances. In the second case the stored magnetic energy is a maxt- 
mum and the flux lines follow paths with the minimum possible perme- 
ances. When the network supplies a load the stored energy assumes 
an intermediate value between the two extreme values. The flow of 
energy is taking place at constant temperature (‘‘isothermal”’ process). 

The minimum possible stored energy is called the ‘“‘bound energy” of 
the network, and the difference between the maximum possible and the 
minimum possible stored energy is called its ‘‘free energy’’ (or ‘‘thermo- 
dynamic potential’). 

Any energy that departs from the system leaves it at the expense of 
the free energy. The ‘‘free energy”’ represents the ability of the net- 
work to supply energy to an outside load. 

(c) The ‘‘efficiency’’ of a network to supply outside loads may be 
represented by the single number 


In a two-winding transformer this ratio becomes the ‘‘coupling 
coefficient.” Hence, 7 also represents the amount of coupling existing 
between the meshes and the junction-patrs. 

(d) These interesting and important thermodynamical consider- 
ations are not continued at this point. 


XV. THE DUAL METRIC TENSOR 


(a) In junction networks the previous reasoning may be repeated 
word for word except that the ‘dual’ quantities are interchanged. 

The capacitance tensor C“’ plays the role of the dual metric tensor A*® 
that raises and lowers indices of tensors that occur in its equation of 
current. Hence the mixed tensors are 


G’A,, = Gi, C”’Aw =I,; K*Aw = K", 18.40 
The mixed conductance tensor G*, represents 
conduct G 
eee —— = 2 = 6 18.41 
open-circuit capacitance C 
and the mixed susceptance tensor K”, represents 
susceptance K 1 
P a 18.42 
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(b) The contravariant voltage variable E“ 


FyA = EP = Q 18.43 


is equivalent to the electric charges Q", so that E, = Qy. 

However, now I, = I°A,y and 6" = 6,A™ have no physical inter- 
pretation, while in mesh networks e” and qm have none. 

In terms of mixed tensors the equation of current is 


I¥ = (G', + Ine + K",/p)Q” = Y",Q" 18.44 


(c) The square of the ‘‘magnitude’’ of the voltage vector It, (or 
charge vector Qy) zs equal to twice the stored electrostatic energy in the 
network 


|E|? = |Q)? = A” EyEy = AuyQ"Q” = E,Q" = 2V 18.45 


Hence the voltage vector E, and the charge vector Q" are two different 
types of representation of one and the same physical entity, the ‘‘stored 
electrostatic energy’’ or ‘‘ potential energy’’ of the system. 

(d) It should be noted that from a theoretical point of view there 
is no reason to prefer the use of Gmn = mn instead of Av" = Cv. In 
all books on tensor’ analysis only Gm, is considered as the sole metric 
tensor since the dual point of view is not introduced. However, the 
dual point of view in network (and in topological) studies necessitates 
the introduction of a dual metric tensor, as well as other dual concepts 
and equations. 


XVI. ‘‘UNDERLYING” SPACES AND ‘‘ LOCAL” SPACES 


(a) In Chapter VIII the contravariant variable 7” was geometric- 
ally represented (as a first approximation) by a point in an n-dimen- 
sional affine space whose projections (measured from a common origin) 
represented the components of 7". However, when 1™ becomes a 
variable dg™/di derived from a basic variable g”, then even this 
approximate representation needs further extension. Only the basic 
variable g™ is represented by a vector drawn from the fixed origin to a 
variable point. 

In order to visualize better the representation of the derived 
variable i", assume that the point gq” lies on a curved surface, like that 
of a sphere, having a fixed origin from which all components of g™ are 
measured along some curvilinear set of axes. In order to represent 
im = dg™/dt, assume a tangent plane at point q™ (Fig. 18.8). As point 
q™ moves, this tangent plane also moves with it. In the tangent plane 
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at each point g™ a set of reference axes may be drawn, each axis being 
tangent to an axis on the underlying curved surface. That is, point 
q™, the point of contact of the plane and the surface, serves as the 
origin of the reference frame on the tangent plane. In the general case 
both surface and plane are n-dimensional. 
(6) Now, the derived vartable 1” 1s represented by 
a point on the tangent plane just as the basic 
variable g” is represented by a point on the 
underlying surface. Since point g” serves as the 
origin of 7”, the origin of q™ is fixed, while the 
origin of 1™ 1s not fixed. As the value of gq 
varies, the local space moves on the underlying 
space, carrying along 7”. 
Fic. 18.8.—A Curved The curved surface, the locus of the basic 
UnderlyingSpaceand Variable q”, is called the “underlying space,’ and 
a Flat Local Space _—i the _ plane, the locus of the derived variable dq™ 
or dg™/dt, is called the “‘local space’ or “‘tangent 
space.’’ In network studies the underlying space is not curved but 
flat, so that in two dimensions it becomes a plane and the two spaces. 
coincide. Jn sucha case 1™ 1s represented by a vector drawn between two 
points q™ = OA and g™ + dq™/dt = OB, as shown in Fig. 18.9. 


Wes? 


Fic. 18.9—Vector qg” with Fixed Origin Fic. 18.10.—Variation of the Metric 
Vector 2” with Variable Origin Tensor from Point to Point 


As the value of g™ changes to OA’, +™ changes to A’B’. 

(c) The variable point g” serves as origin not only to dq” or to 
dg™/dt but to every’other tensor defined. In other words, all tensors 
previously introduced are assumed to lie 1n the tangent space whose point 
of contact with the underlying space varies as g™ varies. 

For instance, the center of the ellipsoid representing the metric 
tensor Gm, also moves with point g” as shown in Fig. 18.10. If @mn is 
a function of g”, then at every point of the underlying space the ellipsoid 
Gmn has a different shape. That is, in general the measuring unit of 
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the ‘‘length”’ of a vector not only is different along different directions, 
but it also varies from point to point of the underlying space. 

(d) In this Chapter the question was investigated, “What is the 
magnitude of a vector?’ This question called into existence the first 
fundamental invariant of Tensor Analysis, the ‘‘metric tensor’, dag. 

Since the position of all vectors changes as q™ changes, also a vector 
such as AB on Fig. 18.9, moves to A’B’. The movement of vectors 
from place to place brings up the question, ‘‘When 1s the vector A’B’ 
parallel to vector AB?” This question calls into existence, the second 
fundamental invariant of Tensor Analysis, the ‘‘affine connection,” 
Iie that however is not introduced in this volume. The resistance 
tensor fag Will also play a part in the definition of parallelism of two 
vectors. 


CHAPTER XIX 


COMPOUND NETWORKS 


I. THE BASIC EQUATIONS OF ACTIVE, ASYMMETRICAL NETWORKS 


(a) After the equation of performance of a network has been set up, 
usually it is subjected to further manipulations. For purposes of 
manipulation the single tensor equation is subdivided into two, three, 
four, or more tensor equations depending on the problem at hand. 
In particular the following subdivisions are made: 

1. The equation of voltage of a mesh network e = z:i is divided as 


@, = 211°) + Zy2°i? + Zy3°18 + +++ 21,01" 
@2 = Zaiei! + Ze2°i? + 223-9? + ++* Zon°i" 
@3 = Z31°i! + Zgqei? + Z33°13 + ++ Z3n°i" 19.1 


ec, = Zni°i! + Zn2°i2 + Zn3 ei? + ati Znnvi" 


This set of » tensor equations is analogous to the set of ” ordinary 
equations representing the equation of voltage of an m-mesh network. 
2. The equation of current of a junction network I = Y-E is 
divided as 
I} = Y!!.E, + Y!2-Eo + Y15-E3 + +--+ Y!"-K, 
I? = Y?!.E, + Y°2-E. + Y23.E5 + oo Y2n.F, 
I3 = Y3!1.E, + Y32.Eo + Y33-Es + --- Y3"-E, 19.2 


In = Yol-E, + Yo2-Ep + ¥"3-Eg + ++. Yo E, 


This set of tensor equations is analogous to the set of ordinary 
equations representing the equations of a network with 2 junction- 
pairs. 

3. The equation of voltage of an orthogonal network E + e 
= z¢(i + JI) is first subdivided into the orthogonal equations of voltage 


En + Cn = Zmm° (i™ + I) + Zi? (if + I’) 


Ey +e; = Zjne(i™ +1”) + 24° (i8 + 1+) 
480 


19.3 
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each of which may be divided into two or more equations as 


Em, + Cn, = Zm,m,°(i™ +I) + Zm,m,° (i™ + [™2) 4+ coe. 

+ Z m2," (itt + 1 EY) -- Z m,1,° (12 + T?2) + eee 
Em, + €m, = Zmgm,°(i™ + I) + Zmgm,° (i + 1%) + +++ 

+ Zngi,? (it + I") -+- Z mgiq* (172 + T?2) -t- eeoe 


E,, tT e;, = Z3,m,°(i™ Si I™) ar Z3,m,* (im? - I) 2 indie 

+ Z,2,° (i + I) + Z 119° (122 +- T?2) 4+. cece 
= ign (EM ETM) $ tgnye (ite + 1M) fone 

=o Zy51,° (it + Jn) + Zi,° (2 + J22) 4+ eens 


eeeeeeoseeeeeaesvpeaeeaseaeaeseeeseaeaspeeaespoeswevaeseeeewaesweestesseweeseeeeewvweeeseeeeeetve @ 
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This set of m-+ nm invariant equations is a generalization of the 
ordinary equations of voltage of an orthogonal network with m meshes 
and 7 junction-pairs. 

4. The equation of current of an orthogonal network i +1 
=Y-(E +e) is first subdivided into the orthogonal equations of 
current 


Im + im = Yr". (E,, + en) + ¥™-(E, + e,) 
Ii +i? = Y™-(E, +.) + Y?-(E, + €,) 


each of which may be divided into two or more equations as 
im f Im = Youms(Em, + @n,) + YI" (Em, + Cn) for 

+ Yn (E,, + e,,) + Ym72-(E,, + e,,) + cees 
i™s + I": = Yum (En, + Cm,) + Yms+ (Em, aa € m,) a ee 

+ Yri-(B,, + ej) + Yr (By + e,) + +++ 


in +a = Yam: (Em, + Cm,) +- Yur: (Em, + Cm.) + sees 

+ Yin, + e;) + Yur, +e)) ++ 
it Th = Yam (Em, + @y,) + ¥a(Em, + On) + - 

"+ Vie By, + ey) + Yin By, +e) + 


19.6 


19.5 


This set of m + m tensor equations is again analogous to the ordi- 
nary equations of current of an orthogonal network having ” meshes 
and 2 junction-pairs. 
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(b) These four sets of tensor equations represent ihe basic equations 
of active, asymmetrical networks, serving as a starting point for their 
analysis and synthesis. Each tensor equation refers to a set of axes 
whose functions remain identical during the analysis. 

It cannot be sufficiently emphasized that these four sets of equa- 
tions are not matric equations. They are tensor equations representing 
the performance of a large variety of networks, and not just one par- 
ticular network. Jn the previous pages the mechanism has been estab- 
lished by which 1t is possible to find the components of these tensors for 
any particular network of n coils if they are known for any other network 
of n coils. The various groups of transformations that leave these tensor 
equations invariant are all subgroups of the ‘‘group of linear transforma- 
tions’ or ‘affine transformations” Gy. Some of the group of transforma- 
tions are defined in Section VI, Chapter XI. 


WI. COMPOUND NETWORKS 


(a) A set of tensor equations is analogous in form to a set of 
ordinary equations representing some physical system. In order to 
visualize a set of tensor equations it seems logical to set up physical 
systerrs in which each building block itself is a system and so each of 
its elements is represented by a tensor, instead of a single number. 
Such fictitious physical systems in which each building block represents 
a whole system instead of a single element will be called here ‘com- 
pound systems” (in analogy to ‘“‘compound tensors’”’ in which each 
component is a tensor instead of a single number). 

In order to represent physically the set of tensor equations of the 
previous section, a ficttttous ‘‘compound network"’ ts introduced in which 
the self- and mutual impedances of the coils are tensors of valence two 
and the currents and voltages in the individual coils are vectors, instead of 
single quantities. Such compound coils will be drawn with heavy lines 
to distinguish them from ordinary coils. Each compound cowl represents 
a whole network. 

The fictitious compound networks, whose equations are given in the 
previous section, are shown in Fig. 19.1 for the case when the number 
of tensor equations is four. That is, in a compound mesh network 
currents and voltages are considered only in meshes, in a compound 
junction-network only across junction-pairs, and in a compound 
orthogonal network the currents and voltages are considered both in 
the meshes and across the junction-pairs. 

Each compound coil represents a whole network whose reference 
frame may be the actual circuits, or hypothetical axes like symmetrical 
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components. The components of each z may be actual inductances or 
any other hypothetical constants like leakage reactances. That is, 
the individual reference axes of each compound coil may be changed 
arbitrarily by an “ individual transformation tensor,’ without making 
any changes 1n the compound network. Each compound coil possesses 
ats own individual transformation tensor. 


E, 


E3 


(b) Compound junction network 


I a Es 
I yt ' 1° 


E, E. 


| if, 1® 
E, E, 
Es 
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(c) Compound orthogonal network 


Fic. 19.1.—The Three Types of Compound Networks 


The use of compound networks is introduced in order to analyze 
complex networks and to set up, manipulate, and solve their tensor 
equations with the same facility as analogous ordinary networks are 
analyzed. 

(b) Whatever theories, laws, equations, etc., have been developed in the 
previous sections for ordinary networks are all valid for compound net- 
works by simply replacing single quantities by approbriate tensors, and 
single tensors by appropriate compound tensors. 

For instance, it is possible to interconnect compound coils (each coil 
representing a whole network) with a compound transformation tensor 
C in which each component 1s a tensor of valence two instead of an integer), 
or to use several compound transformation tensors in succession. Or 
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it is possible to eliminate certain meshes or junction-pairs which are 
not needed, or to eliminate magnetizing currents, and so on. The 
method of analysis and the manipulation of compound networks are 
analogous to those of ordinary networks, with certain precautions. 


Il. THE FUNCTIONAL SUBDIVISION OF NETWORKS 


(a) There are several ways of considering a whole network as a 
compound network. The most obvious way is to divide the network 
physically into component parts, that is, to assume the network of 
being built up from small units arranged in shunt or in series. A small 
unit may consist of, say, a three-phase transformer, or a generator, or a 
transmission line, etc. Another, less evident but far more important, 
point of view is to divide the meshes and junction-pairs into smaller 
units according to their functions. 

(6) The junction-pairs of a network may perform various functions. 
In particular: 

1. Some junction-pairs may serve as terminals for impressed 
voltages E or impressed currents I. Such junction-pairs may be called 
input terminals. 

2. Some may serve as terminals for Joads or outside networks that 
do not appear in the equations or in the network diagram. In that 
case I represents the currents flowing into the loads and E the differ- 
ences of potential appearing across the loads. Such junction-pairs 
may be called output terminals. 

3. Some junction-pairs may be under conirol. For instance, their 
difference of potential E may be maintained constant by a voltage 
regulator or it may follow some other predetermined values, etc. 

4. Some junction-pairs may be subjected to certain changes. A 
coil with impedance Z may be connected across them or their impressed 
voltage may vary or they may be short-circuited, etc. 

5. Some junction-pairs are permanently open-circuited and no 
junction-currents flow through them. The knowledge of the differences 
of potential E appearing across them is often not needed, hence the 
corresponding axes may be eliminated from Y. 

(c) The various meshes of a network may perform analogous func- 
tions. However, the function of a mesh usually is not as clear-cut as 
that of a junction-pair. For instance, a mesh voltage e, may play the 
part of an input terminal voltage only if around the whole mesh (con- 
sisting of several coils) one impressed voltage exists (Fig. 19.2a) and 
also if that impressed voltage e, exists in a branch which is not common 
to other meshes. Similar remarks apply to other mesh quantities 
such as load in a mesh, Fig. 19.2), etc. 
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(d) In the same network any number and type of junction-pairs 
and meshes may occur, differing functionally from one another. Asa 
consequence the single tensor equation of performance 1s subdivided tnto 
as many tensor equations as there are functionally different types of 
junction-pairs and meshes. 

The functional subdivision of networks is treated in greater detail 
in Chapters XXII and XXIII. In the next few sections certain gen- 
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Fic. 19.2.—Mesh Quantities as Terminal Quantities 


eral network theorems are developed to reduce the number of tensor 
equations needed in the analysis. 


IV. THE ELIMINATION OF VARIABLES 


(a) The equation of performance of a network is divided into as 
many tensor equations as there are functionally different types of junction- 
pairs and meshes. However, it often happens that some of the junction- 
pairs or meshes are not needed in the analysis. For instance, junction- 
pairs through which no currents I flow, or meshes in which no impressed 
coil voltages e exist, are 7mactive as far as analysis is concerned and the 
corresponding tensor equations act only as excess baggage during the 
analysis and in the final equations. Such superfluous equations should 
be eliminated first before the analysis begins. 

It should be remembered that, when the equation of voltage (z) is 
set up, the inactive junction-pairs are ignored, but the inactive meshes 
cannot be ignored. To ignore them, the equations themselves have to 
be reduced by the reduction formulas of Chapter X. Similarly, when 
the equation of current (Y) is set up, only the inactive meshes can be 
ignored. The inactive junction-pairs may be ignored only by reducing 
the already established equations. 
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(b) Compound networks and their tensor equations may be simplified 
an the same manner as ordinary networks and their equations. That is, 
their number of meshes may be reduced by a mesh-star transformation, 
their number of junction-pairs by a star-mesh transformation, etc. 
These reductions are performed by eliminating one or more variables 
from their set of tensor equations by the reduction formulas given in 
Chapter X. 

These reductions of superfluous axes should be performed, if 
possible, before the manipulation of the equations is undertaken. 


V. REDUCTION OF COMPOUND JUNCTION NETWORKS 


(a) As an example let a junction network such as Fig. 19.3 contain 
three types of junction-pairs. Across the first set of junction-pairs the 
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(6) Two types of compound 
junction networks 
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Fic. 19.3.—Replacement of an Ordinary Junction Network by a Compound Junction 
Network 


voltages E; (£1, Ee, Es) are impressed, the second set is connected 
across some loads having a difference of potential Eo (E4, Es, Ee, Ez, 
Eg) across them. The remaining junction-pairs E3 (E9, E,0, £1;) are 
permanently open-circuited and play no part in the problem, but their 
presence must be considered in setting up the equations of currents. 

Accordingly, the equation of current of the system I = Y-E con- 
taining eleven ordinary equations is to be subdivided into three tensor 
equations as 
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I! = Y!-E, — Y?-E. — Y3-E; 
I? = Y?-E, — Y5-E. — Y°.E; 19.7 
0 = Y’-E, — Y8-E, — Y9-E; 


Assuming the impressed voltage E; as positive, the differences of 
potential across the load Ez and across the open junction-pairs Es are 
negative. Also I* = 0. The input current is I', and the load current 
is I?. The first tensor equation represents three ordinary equations, 
the second represents five, and the third three ordinary equations. 
These tensor equations are valid for any other junction network 
having the same three types of junction-pairs. 

The compound junction network representing the three tensor 
equations is shown in Fig. 19.36 in two different forms. Zhey have 
three junction-pairs (one junction-pair for each equation), hence four 
junctions. The number of compound meshes to be used is immaterial 
since they do not appear in the tensor equations. For purposes of 
analysis the simple compound network of Fig. 19.35 replaces the 
complex actual network of Fig. 19.32. (It may be mentioned that the 
single tensor equation = Y-E is represented by a single open-circuited 
coil having one junction-pair.) 

(6) Now if only the input quantities E,, I' and the output quantities 
Ep, I? are needed in the analysis, then the variable E3 may be elimin- 
ated, thereby reducing the three tensor equations to two. Asa result of the 
elimination, the compound junction network of Fig. 19.36 is simplified 
to that of Fig. -19.3c containing two junction-pairs in place of three. 
The coils of the simplified compound network are arranged in a fz. 

(c) The equations of the new network of Fig. 19.3¢ are found by 
eliminating E3 from the third equation of equation 19.7 by the reduc- 
tion formulae 14.63 and 14.64 giving 


Ii = Yl’. = Y?’ -Eo 


19.8 
I? = Y3’-E, — Y*’-Ee 
where the set of open-circuit admittances are 
YY! = yl — y3.y9-1.y7 y3’ — Y4 — Y6.y9-1.y7 
; 19.9 


Y?’ = Y2 — y3.y9-1.¥8 Y¢’ = Y5 — Y6.y9-1.y8 


representing a x-network (a network with two junction-pairs) having 
only input and output terminals. The permanently open-circuited 
junction-pairs have disappeared from the picture. Their place is taken 
by the primed admittances Y!’, Y?’, Y3’, ¥*’ representing the self- and 
mutual admittances of the input and output terminals measured with 
the remaining junction-pairs open-circuited. 
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(d) If the superfluous junction-pairs are not permanently open but 
have currents I? impressed upon them, their equation still can be 
eliminated and the system reduced to a r network. However, the 
impressed currents I' and I-° change to a new value I’ and I”’ found 
by the reduction formulas as 


Iv’ =]] — ys. y9-1. 2 


I?’ = [2 — Y6.y9-1.73 a 


It should be remembered that, in order to eliminate k junction- 
pairs from a system, it is necessary to calculate the inverse of a matrix 
Y® having & rows and column. 

The analysis of the simplified equations 19.8 is much simpler than 
that of the original equations 19.7. 

(e) Similar steps are followed if two or more tensor equations are to 
be eliminated instead of one and if the original set contains more than 
three equations. 


VI. REDUCTION OF COMPOUND MESH NETWORKS 


(a) Instead of a junction-network let now a mesh network such as 
Fig. 19.4a be considered containing a set of input meshes with current 
i}(¢!, i?) and output meshes with current i*(<°, 74) and also a third set 
of meshes with current i?(45 — i!*) that do not play any part in the 
analysis. The compound network is shown in Fig. 19.40, containing 
three meshes. 

The three tensor equations, representing the set of ordinary equa- 
tions e = z°i of all mesh networks with three types of meshes, are 


Zeit! + Zo°i? + 723-1" 
@o = Zaei! + 250i? + 26-1? 19.11 
€3 = Z7°i! + zg-i? + 29-13 


The third set of meshes is eliminated by the reduction formula 
10.28 or by the same procedure used with ordinary equations, giving 


C1 


@1! = Z;'0i! + Zo’ i? 


: : 19.12 
@o! = Z3'-i! + 24 +i? 
where 
e:' = e1 — 23°25 +3 
, “A 19.13 
@2 = C2 — 7g°Zy = C3 
Pca: -1 —— -1 
Zi = Z1 — 73°Zy °Z7 Z3 = 24 — Z6°Zg «0° Z7 
Pe a 19.14 
Zo’ = Z2 — 73°*Zg °Zg Za’ = 25 — Ze°Zg °Z8 
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The primed impedances 2’, Za’, Z3’, and 24’ are the self- and mutual 
impedances of the input and output terminals measured while currents 
flow in the remaining meshes. The new impressed voltages e;’ and e9’ 
involve the voltage e3 impressed in the eliminated meshes. When the 
eliminated meshes contain no impressed voltages, then e;’ and ee’ are 
equal to e: and e2 respectively. 

(6) Similar steps are followed if the original set contains more than 
three tensor equations and if more than one equation is eliminated. 


(b) Compound mesh network 


(a) Given mesh network (c) Equivalent T-network 


Fic. 19.4.—Replacement of an Ordinary Mesh Network by a Compound Network 


VII. REDUCTION OF COMPOUND ORTHOGONAL NETWORKS 


(a) Let an orthogonal network with say two types of meshes and 
two types of junction-pairs be given as shown in Fig. 19.5a@ Their 


C2 I? 1’ er 


5 


(a) Before reduction (6) After reduction 


Fic. 19.5.—Simplification of a Compound Orthogonal Network 


equations are given in equation 19.4 as 


@, = Z,*i! + zoe? + 7z3-J! + 74-J? 
@2 = Z5ei) + Zgei? + .27-]! + z,-J2 
. 19.15 
Ei = Zgei! + Zioei? + ZiieI! + 212°]? 
E2 = Zigei! + Zi4ei? + ZigeI! + 216°]? 
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(b) Let it be assumed that one of the meshes and one of the junc- 
tion-pairs are superfluous for the analysis. Hence, let the second and 
fourth tensor equations be eliminated, leaving only an equivalent network 
with one mesh and one junction-pair as shown in Fig. 19.56. 

It should be noted that the eliminated mesh has impressed voltages 
€2 and the eliminated junction-pair supplies a load with —I? (or has 
an impressed current I?.) 

Eliminating I? from the last equation 


[? = —Zigi + (Z13°i! + 24°17 + 215°]! — E2) 
Substituting into the remaining three equations 


Qe: = (Z) — Z4°Zig *Z13)*i! + (ze — Z4°Zyg°Z11) °i2 
+ (23 — Z4eZjg*Zis)°l' + z4+Zjq + Ee 


Qo = (25 — Zg°Zigi°Z13)°i! = + (Zg — Za°Zige °Z14) +i? 
Aaa Z9*Zig *Z15)°I! + Zg°Zin °E2 


-! e —-] ee 
E; = (Z9 — 212°2Z16 213) ci! + (Z10 — Zi2°Z1g °Z14) *i? 
—1 -1 
+ (Zi, — Z12°Zi@ °Z15)°1' + Z12°Z ig * Ee 


lt may be written as 
e, = Z,°i! + zp? + z3-I! + 2y-z)6'-Eo 
Qe. = Z5ei! + zi? + 27°]! + zgzig' Ee 19.16 
EK) = Zi! + Ziyri- + Z3,°1' + Z12°Zig *E2 
(c) Eliminating i* from the second equation 
i? = —2z,-! (zi! + z7-I! + zg-zyg'-Ex — ey) 
Substituting into the other two equations 


| cee ae -1 , ee —1 
4 , ’ , e 4 / 0 3. t 
(Z) — Zy°Z_1+z5) ei! + (23 — Zyo+Zg7!+Z7) I! 


' are ~—] ' a aa | 

Ei — 2Z49°Z%~'*@2 — (Z12°Z16 — Z10°Z6 | -Zg°Zig )*Ee2 
’ ’ r ty e ’ , ni ’ 

= (Zo — Zj9*Zy~!Z5) ei! + (211 — Zi19*Ze~!+Z7)-T! 


These two equations may be written as 


e; = z)-i! + z5-F? 
‘ 19.17 
Ey = zai! + 24 -I2 


where the double-primed impedances represent the self- and mutual 
impedances of the retained mesh and junction-pair, measured in the 
presence of the eliminated mesh and junction-pair. Similarly e; and 
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E; are the changed terminal voltages differing from the actual e; 
and E, because of the existence of the eliminated e2 and Eo. 


VII. TERMINOLOGY OF COMPOUND NETWORKS 


The concept of compound networks in which each coil represents a 
whole network having been introduced, it follows that the whole 
tmpedance terminology of ordinary networks can be transferred to com- 
pound networks by replacing ordinary numbers with appropriate tensors. 

Some of the impedance terminology hitherto introduced into the 
study of compound networks are: 

1. Self- and mutual impedances 21, Z12, and admittances Y!!, Y}2 
(also called “driving-point’’ and “transfer” impedances and admit- 
tances in ordinary networks). 

2. Short-circuit self-impedance z,, (equal to z11 — Z12°Zg2'+Z21) and 
open-circuit self-admittance Y’!! (equal to ¥!! — Y!2.y22-1.y2!), 

3. Short-circuit mutual (transfer) impedances zj2 and open-circuit 
mutual admittances Y’}? existing between several sets of terminals, 
such as given in equations (19.12) and (19.9). 

Other concepts are, for instance: 

4. Leakage coefficients \ = (mutual impedance) /(self-impedance) or 
(mutual admittance)/(self-admittance), like zj2°z;;) or Y!2-Y!~1, 
They are tensors of valence two in which each component is the ratio 
of two impedances or admittances. 

Such leakage coefficients have already been introduced in equations 
19.10 and 19.13 where it is shown that any impressed voltage e or 
impressed current I of a set of terminals may be transferred to another set 
of terminals by multiplying them with their respective leakage coefficients. 
The product represents the open-circuit voltage appearing across the 
second set of terminals. 

For instance, in equation 19.13 the impressed voltage e3 may be, 
transferred to the input terminals as —z3+zg '-e3, where 23°29 ' is its 
leakage coefficient. Similarly in equation 19.10 the impressed current 
Is is transferred to the output terminals as —Y®6-Y®-!-I3, where 
Ye-Y°~! is its leakage coefficient. The product represents the short- 
circuit current at the output terminals. 

5. Leakage impedances Z; = 211 —Z12 = self-impedance minus mutual 
impedance and leakage admittances Y! = Y!! — Y!2, For instance, 
the tensor equations of a symmetrical two-mesh compound network 

2 pt ie ¥i2 
@1 = Ze’ + Zio 19.18 
@2 = Z12°i! + Z22-i? 
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may be represented by the T-network of Fig. 19.65 having no mutual 
impedances between the three coils where Z; = Z11 —Z12 and Zz =Z22—Z12 
analogously to the equivalent T-net work of a two-winding transformer. 


211-212 222-212 


(a) Two-mesh network (b) Equivalent T-network 
Fic. 19.6 


IX. THE PHYSICAL SUBDIVISION OF NETWORKS 


(a) In the previous sections a network was assumed to be composed 
of compound coils where the coils differed from one another in func- 
tional behavior. Another way of assuming a network to be composed 
of compound coils is to subdivide the network physically into smaller 
component networks, each represented by a compound coil, so that 
the actual network consists of these component networks connected 
in shunt or series, etc. 

An example of such a division of a network is a three-phase trans- 
mission network built up by a collection of transmission lines, trans- 
formers, generators, loads, etc. 

Another example is a vacuum-tube circuit consisting of amplifiers, 
modulators, transformers, static networks, etc., interconnected in 
various ways. Other examples are communication networks consisting 
of sending and receiving apparatus, transmission lines, filters, corrective 
networks, interconnected four-terminal networks, etc.; power drives 
consisting of various types of rotating machines interconnected with 
static networks; also control systems, relay systems, etc. Practically 
all electrical and electromechanical systems can be divided piysically 
into numerous smaller units each of which can be analyzed separately, 
then reassembled into the original system. 

Certain general principles are identical for the analysis of all 
complex systems; some of them will be illustrated by a more detailed 
analysis of three-phase transmission systems. 

(b) The method of analysis of compound networks parallels the 
analysis of ordinary networks with the difference that each ordinary quan- 
tity is replaced by a tensor, and each tensor by a compound tensor. That 
is, if the compound network is, say, a mesh network, then: 

1. A compound primitive network is set up and its geometric 
objects z, e, and i (compound tensors) are established. 
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2. The current flow in the compound network is established. 

3. A compound transformation tensor C is set up (showing the 
manner of interconnection of the compound coils) by equating the old 
and the new currents flowing in each coil. 

4. The geometric objects of the actual network are established as 
z’ = C,-z-C, e’ = C,-e, i’ = z’—!-e’. The individual coil quantities 
are found by i = C-i’, e, = z-C-i’, y. = C-y’-C,, and so on. 

Of course a compound network may be analyzed as a mesh, as a 
junction, or as an orthogonal network, according to the problem. 

(c) It will be found that the second step, namely the establishment 
of the flow of the currents through the compound network, is not such 
a simple procedure as it is in ordinary networks, since the manner of 
interconnection of the individual coils of each compound coil also 
has to be considered. 


X. THREE-PHASE APPARATUS AS COMPOUND COILS 


(a) In three-phase compound networks it will be assumed for the 
sake of simplicity that the wmpedance tensor z of each compound coil 
before interconnection is expressed along the three individual coils (along 
the individual primitive network), that is, each z has three rows and 
columns or its multiple. (Of course, in general compound networks the 
individual coils may be expressed along any arbitrary axes.) An 
individual transformation tensor is also set up for each apparatus to 
change its primitive network to the actual apparatus. 

(b) ‘The impedance tensor of unbalanced three-phase generators or 
transmission lines or loads may be expressed as 


—t 


19.19 a 3 


(a) Three-phase apparatus (5) Compound coil 
Fic. 19.7 


This tensor in the general case is not symmetrical. As a compound 
network it is represented by a single coil as shown in Fig. 19.7b. Some 
special cases are shown in the first column of Table 19.1. 

(c) The impedance tensors of three-phase multiwinding transformers 
have three, six, nine, twelve, etc., rows and columns, depending on 
their degrees of freedom. Their components may represent actual or 
leakage reactances as shown in Section XI, Chapter XI. In terms of 
leakage reactances the impedance tensor of a two-winding, three-phase 
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TABLE 19.1.—Individual Impedance Tensors z of Various Types of Three-phase Coils 
First column—z along phase axes Second column-~—z along sequence axes 


transformer consisting of three single-phase transformers is, if magnetiz- 
ing currents are neglected, 


19.20 
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That is, each compound leakage reaciance hus a diagonil matrix. If the 
three single-phase transformers are different, the three components 


along the diagonal are also different. 
The impedance tensor of three-phase (hree-winding transformers in 


terms of leakage reactances is 


19.21 


each component being a diagonal tensor of valeace two. 

When the three phases are on the same mugnetic network, mutual 
inductances exist between the phases and the imnpedance tensor of a 
two-winding transformer is, if the maynetizing current is to be neglected 


by be C2 


12 12 1 
a) a - Za-a| %a—d ae 
12 12 12 
1 9 bi | 2a - Zy-al| 2 -b| 2 ¢ 
1 V 1 
| C1 2a -- gi? a zt2 bv zie Cc 
z= = 19.22 
2 | Zi-2 | Ze-2 ac} zi? | 2b 
be | zap | 2—2 
12 12 y 22 22 
Co | Zac |} 2p—e Za—c | 2b—c 
° ee - a q2 
In the primitive compound = ist Ez. S: 
network a two-winding three- = a = 
phase transformer is represented 
by two coils and an n-wind- (a) (b) 


ing three-phase transformer by qa) T wo-winding three-phase transformer 
n coils, as shown in Fig. 19.8 (6) Compound two-winding transformer 


and 19.9. Fic. 19.8 


(a) Three-winding three-phase transformer 
(6) Compound three-winding transformer 


Fic. 19.9 
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(d) When mutual inductances exist between any two three-phase 
apparatuses, say between two transmission lines, their impedance 
tensor in the primitive compound network is 


Qa; bi Cc; a be Ce 


1 2 

1} Z11 | Z12 
z= }-—\—| = 19.23 

2 Z12 | 292 


(e) When three-phase apparatus are represented by compound 
coils, the interconnection of the various three-phase apparatus in 
series and parallel is represented by analogous interconnection of the 
compound coils in series and parallel. The compound network diagram 
of unbalanced three-phase systems is identical with the customary single- 
line diagram of balanced three-phase systems. The slight difference is 
that here the meshes are closed in order to follow the method of analysis 
of ordinary mesh networks. 


XI. THE COMPOUND TRANSFORMATION TENSOR 


(a) First let a simple example be considered in which the individual 
coils of each apparatus are not interconnected among themselves, that 
is, no individual transformation tensors exist (Or rather all individual 
transformation tensors are unit tensors). Such a network is shown in 
Fig. 19.105. Its compound network and its primitive mesh network 
are shown in Figs. 19.10¢ and d. 

The indices 1 — 5 of the compound network are compound indices 
(Section I1b, Chapter IX), each index representing three individual 
indices. For instance, 1 stands for a), bi, and c). 

The impedance tensor of the primitive network is z = 


1 2 3 4 5 


and its impressed voltage vector 
ise = 


19.24 1 2 3 4 5 


[afofofofo| 19.25 
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(6b) Now let C be established by considering the compound network of 
Fig. 19.10¢ representing the original network of Fig. 19.100. 

The actual compound network has two meshes, hence two new mesh 
currents i!’ and i?’ are assumed. The same current flows through all 
coils in series. Its primitive network is shown in Fig. 19.10d. 

Py. Cay, [fl Gali} 
a) cm) ay 
oT es) on) oy 


(a) The primitive actual network 


aia: 
Tr 


(c) The compound network 


> 


(d) The primitive compound network 
Fic. 19.10 


Equating the old and the new currents flowing in each compound coil 


eee 

z= ji!’ 

io —j!’ C= 19.26 
it = 42! 

> — 72! 


the coefficients of the new currents represent the transformation tensor C. 
(c) In order to check the correctness of the compound C, lef the 
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ordinary C be established also, showing the manner of interconnection 
of the fifteen coils of Fig. 19.10 into six meshes as 


a, bi c, a be Co 


19.27 


Now C may be subdivided into a compound tensor in which each 
component is zero or the unit tensor I. The compound C shows that the 
systems 1, 2, and 3 are connected in series, also the systems 4 and 6 are in 
series as Shown physically in Fig. 19.10c. 

(d) The impedance tensor and impressed voltage vector of the 
whole network are then by C,-z-C and C,;-e respectively 


1’ 2’ 
1’ 2’ 


Z11 + Zo2 + 233 234 
z’ = Sa = 19.28 e’ = [eo] 19.29 
234 Za4 + 255 pe fo 


The currents are found by i’ = z’-!-e’ = y’-e’. The self- and 
mutual admittances of the individual systems (or compound coils) are 
found from y’ by C-y’-C,. The currents in the individual systems in 
terms of the known i’ are found by i = C-i’, and the voltages in the 
individual systems are found by z-C-i’. 
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The second row and column of z' may be eliminated by the reduction 


formula leaving 
1’ 


Zz! = | Z11 + Zoo + 233 + Zga*(Z4q + 255) 1*Z34 | 19.30 


(e) It is emphasized that three-phase networks may be analyzed 
just as any other mesh networks without introducing compound 
tensors, etc., that is, by using three times as many variables. The use of 
compound tensors and networks simply speeds up the analysis, reduces 
the number of variables to one-third, and clarifies the physical picture, 
but it does not reduce the number of final slide-rule operations needed 
to get a numerical answer, except where repetitions occur. 

The great advantage of using compound tensors consists of the complete 
freedom allowed for changing the individual reference frame of one or 
more of the three-phase uffaratus 1n a routine automatic manner, with- 
out disturbing the rest of the set-up. This question of freedom in intro- 
ducing symmetrical components or other three-phase axes will be 
treated in greater detail in the next chapter. 


XII. THE FLOW OF COMPOUND CURRENTS THROUGH 
COMPOUND NETWORKS 


(a) In this section the way in which the indimdual axes of each 
apparatus may be changed by an “tndividual transformation tensor" 
will be investigated. 

When an ordinary cotl 2; is connected in series with another coil z2, 
the same current z flows through 2; and ze, also through the lead con- 
necting them. However, with com- 

ound coils the impedance tensors 2 —. tb. —. 
p pe TO Pam 
and Zz may be expressed along different 
: ; (a) The flow of ordinary 
set of axes, the current i along a third 


current 
set, so that, in z), C,-i (instead of i) 
flows; in Z2, Ce-i flows; and in the Ci. Cot Ca. 
leads connecting them C3-i flows as ACO. C00— 
shown in Fig. 19.11. A change of in- (b) The flow of compound 
dividual reference frame occurs as the UESRe 
current enters or leaves certain types of Fic. 19.11 


compound coils. 
(b) There are two different ways in which a current may enter a coil: 
1. The current is assumed to originate in the coil; that is, it is 
assumed as a new variable starting its course in this coil. 
2. The current enters from another coil through the terminals. 
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Each time a current appears in a compound coil or leaves a coil, tt 
may be subjected to a transformation of axes with the aid of a C. 

(c) Hence a current i acquires an individual C in three cases: 

1. When appearing in a coil as a new variable, the coil has different 
types of axes from those of the assumed current. 

2. When arriving at a coil at its terminals the coil again has differ- 


ent types of axes. 
3. When it leaves the coil at its terminals the leads have different 


axes from those of the current leaving the coil. 
That is, a current acquires a C each time it encounters a different 


type of reference frame from tts own. 


a) Junction tensors 


b) Coil tensors 


TABLE 19.2,—Individual Transformation Tensors C of Various Types of Three-phase 
Connections 


First column—C along phase axcs 
Second column—C along sequence axes 
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(d) When it acquires a C as a new variable the C will be called a 
“coil transformation tensor” or “‘coil tensor.’’ When it acquires a C in 
leaving or entering a coil at its junctions it will be called a ‘‘junction 
tensor.”’ (In general, they may be called “individual transformation 
tensors’ or ‘‘three-phase tensors.) A more detailed study of these 
two types of tensors is undertaken separately in the following 
sections. 

It should be expressly noted that, as the current i is assumed to 
flow through the compound network, Kirchhoff’s laws are satisfied at 
all compound junctions. Z*he coil and junction tensors do not change the 
magnitude of the currents; they change only the individual reference 
frames of each apparatus, and the continuity of the current flow is main- 
tained throughout the whole compound network, just as in any actual 
network. 

Hence the only difference between the analysis of ordinary net- 
works and compound networks is the manner in which the flow of cur- 
rents is established in the network. That is, when 7 is replaced by i, 
its individual reference frame has to be established also with the aid 
of an individual transformation tensor. 


XIN. THE JUNCTION TENSOR 


(a) If acurrent i’ is subjected to a change of axes C-i’ as it enters 
or leaves the terminals of a coil, the two terminal junctions of the coil 
will be represented by small 
crosses as shown in Fig. 19.12. ct t Ci Ciri 


Examples of some frequently 
occurring junction tensors, shown 
in Table 19.2, are worked out 
presently. It is emphasized that (a) Current originates in the coil 
there are many other three-phase 
apparatus that require a_ coil 
tensor. Once these tensors have 
been established for a_ particular 
apparatus they will not have to be 
calculated again. Whenever the 
apparatus is used in any three- 
phase systems, these tensors are 
picked out of a table and are used over again without any change. 

(b) The most important example of a compound junction changing 
the reference axes is the junction connecting a delta to the lines. 


At. C.t tA ie? 


(b) Current enters the coil 


Fic. 19.12.—Compound Junctions 
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If the current in the three coils of the delta is i’, then the current 
in the leads is i = C,-i’, where 


te 1’ 2’ 3’ 
: 1 2 3 
Ca. 
i Ce.t 
aft: 


19.33 
(6) Compound delta 


Fic. 19.13.—Delta Connections 


C, changes the currents 1n the delta to the currents in the line. 
When a compound coil represents a delta-connected apparatus, one 
of the new compound variables should be assumed to originate 1n the delta. 
(c) It may be assumed that all compound junctions introduce a 
change of reference frame, but the transformation tensor of an uncrossed 
junction is the unit tensor I. 


XIV. JUNCTION TENSORS AS PERMUTATIONS 


(a) Since a compound junction may introduce a change of reference 
frame C, this change of reference frame may be of a great variety. In the 
previous example C represents an actual interconnection; now another 
example is shown where C represents a permutation. 

In three-phase networks usually corresponding phase-windings are 


Ss 
Py; 
“4 P 
Pa 
31 
(a) Actual (b) Representation (c) Componnd 
network net work 


Fic. 19.14,—-Zig-zag Connection 


interocnnected. In multiwinding transformers often the phases are 
innterconected, as shown in Fig. 19.14 for a zigzag connection, where 
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the three coils of the secondary are connected in series with the three 
coils of the primary, but not phase per phase. 

If i’ flows through the secondary coil, then through the primary 
coil C, +i’ = i will flow, where 


19.34 


C, shows the manner of interconnection of the phases. 


: » 
a ia 


(a) Actual (6) Represen- (¢) Compound 
connection tation coils 


Fic. 19.15.—Zig-zag Connection 
(6) Instead of connecting the third phase to the first phase, the 


second phase may be connected to the first as in double-delta shown in 
Fig. 19.15 where 


19.35 


If i’ flows in the primary instead of in the secondary then the above 
two tensors C, and Cy, interchange roles. 


XV. JUNCTION TENSOR OF A GROUND IMPEDANCE 


(a) The compound junction may introduce a singular transforma- 
tion reducing the number of axes. (With a delta the number of axes is 
not changed.) An example is a ground impedance, in the absence of 
fault currents. At the star point three outside currents i’ are changed 
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to one current i (flowing through the ground impedance) by C,-i’ where 


(a2) Ground impedance i-e[i+7+38 19.36 
5 Cyt 


1 2 3 
Saunas 11 James o meomed ‘1, hema 
(6) Compound coils C, = eft [i]s] 


Fic. 19.16.—-Ground 


It should be noted that with a delta the current i’ is assumed to be 
known in the coil of the delta. In case of the ground impedance (in 
the absence of fault currents) the current i’ is assumed to be known 
outside the ground impedance. 

(6) It is interesting that a current i’ originating in a delta becomes 
zero in flowing through a ground impedance since there its value becomes 
C,-C,-i’ (C, is added when i’ leaves the delta and C, is added when it 
enters the ground as shown in Fig. 19.17) and 


[ ceca = 0] “Ca = [ ceca = 0] 19.37 


since 


(c) A ground impedance and a star are always connected in series 
in the compound network as shown in Fig. 19.17. The two compound 


Cot Caste irt 


" | Cg.(Cy.ivt)s 
= Cg.U 


Fic. 19.17.—-Delta Current Through Ground 


coils in series may be repluced by one compound coil whose impedance 
tensor is the sum of the two coils in series. 
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Solving the circuit of the two coils in series (Fig. 19.18) as an 


en 


Fic. 19.18.—Grounded Star 


ordinary circuit (or as a compound circuit), z of the primitive network is 
a bee g 


m g 
m 
z == 19.38 
g 
The transformation tensor is 
42 — 42" m’ 
e= 1?’ m| I 
. i C = = |-— 19.39 
v= a g| C, 
ee 
The resultant impedance tensor is by C,+z-C 
a’ b’ c’ 
a’l Zaa + Ze Zab + Ze | Lac + Zz 
z= z1 + Cyp°Ze°C, = pb’ Zoa + Ze Z ob + Ze | Loe + Ze 19.40 


ee —— ee a 


, 


c Lea + Ze La + Ze ‘Zee + Zs 


IlTence a star impedance and a ground impedance may be replaced by one 
compound coil whose impedance tensor is z’. This compound coil repre- 
sents an equivalent grounded star without ground impedance, whose self- 


Zz‘ 
(a) Grounded star (6) Equivalent star (c) Com- 
Fic. 19.19 pound coil 


and mutual impedances have been increased by Z, as the result of the 
presence of the ground impedance as shown in Fig. 19.19. 
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Ran (d) When there are 

; several ground wires in 

>t parallel as shown in Fig. 
19.20a then one of them 

rat = “ is selected as the ground 
Bee CSTR impedance with a junc- 

00. — tion tensor C, and the 


vere . 
et Lone —___] gcp., Test are considered as one 


—_— wv 


(a) Three ground wires 


compound coil placed in 
shunt with the ground 
impedance. 

A new variable i! with 
components 2” and 7% is 
assumed in the shunt 
flowing around in the ad- 
ditional compound mesh 
(Fig. 19.206). This shunt 
current i! is not assumed to flow in the rest of the system. 


U 
(6) Compound network of ground 
Fic. 19,20 


XVI. EXAMPLE FOR THE USE OF JUNCTION TENSORS 


(a) As an example of junction tensors consider the network of Fig. 
19.21a containing seven three-phase apparatus. 

The compound primitive network of Fig. 19.215 contains seven coils 
corresponding to the seven three-phase apparatus that are inter- 
connected. Its geometric objects are 


12 3 4 5 6 7 


e={o0|o/o0/o|o/e]|o 19.41 


19.42 


assuming mutual inductance between the transmission line 3 and the 
ground wire 7. 
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(6) There are three closed meshes in the compound network, hence 
three new currents are assumed. Two of the new currents i!’ and i?’ 
must be assumed to flow in the delta connected apparatus 1 and 2, 


while the third current i?’ 


may be assumed arbitrarily |, 
in any branch, say through 8. . 
The corresponding nine cur- ; 
rents of the original network ‘ 


are shown in Fig. 19.21a as 
qe’, 1°’, 2’ in network 1, 22%’, 
vf’, 7’ in network 2 and 2”, 
a7’, a*’ in network 3. It should 
be noted that these nine currents 
are assumed 1n all the coils of 
the three apparatus. 

The currents flowing in 
all the coils of the compound 
network are also shown in 
Fig. 19.216. They are all 
expressed in terms of the 
three new currents i'’, i°’, 
and i®’, and also in terms of 
the junction transformation 
tensors C, and C,. In the 
ground impedance 2Z7 the 
current component C,°C,«i!’ 
is zero. 

(c) Now the transforma- 
tion tensor C of the com- 
pound network is set up by 
equating the old and the new 


soar : 
roe vir’ Us 


(a) Three-phase network 


J inetdtet™ 


(6) Compound network 
Fic, 19.21 


currents flowing in each compound coil as 


ji = yl’ 

42a i2’ 
= 

it = C,-i)’ 

i> = C,-i?’ + 
i° Cy°i? — 


19.43 
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The correctness of this compound transformation tensor C may be 
checked by setting up the ordinary transformation tensor from Fig. 19.214, 
having 19 rows and 9 columns. 

Strictly speaking, the various C, and I occurring in the compound 
tensor C are not equivalent to each other, since each of them has different 
compound indices and also individual indices, consequently they ought to 
be distinguished from each other. Since the only operation performed on 
C is multiplication (C itself is not transformed) the distinguishing 
marks may be dispensed with. When, however, each of the C,-s are 
transformed to different types of individual axes it is absolutely neces- 
sary to distinguish the C,-s and I-s referring to different apparatus. 

(d) The resultant impedance tensor z’ is, by C;+z-C, 


1’ 2’ 3’ 


Z1 + CarezgeCg Fe 
+ Carezs-Cy 0 CateZs 


z’ = 2’ 0 Zo + Caeeze°Ca —CArZ6 19.44 


Zg + Zs + 2 + 237°C, 


g z5°Ca —7Zg°Ca : 
: [io CreeZa7 + Ceez7°Cy 


The impressed voltage vector is, by C; -e, 


1’ 2’ 3’ 


e’ = | 0 leiee| —e 


The currents are found by i’ = z’~!-e’. The currents in the indi- 
vidual coils are C-i’, and the induced voltages are z-C i’. 


19.45 


XVII. THE ‘‘COIL” TRANSFORMATION TENSOR 


(a) In the previous example the new variables i!’, i?’, and i*’ 
assumed in the new network flow in their respective windings in the 
same way as in the windings of the primitive network. That is, the 
three components of i!’, namely 2’, 2*’, and 2°, flow through the same 
three coils in the same way as 7°, 2, and 7° flow in the primitive network. 

(b) However, often another set of currents may form the com- 
ponents of the new current i!’ that is arbitrarily assumed. For instance, 
in an ungrounded star shown in Fig. 19.22 the new current i’ that is 
assumed as a variable has only two components 2°’ and 7°’ instead of 
the three 7°’, 1°, 7°’. In other words, the new variable i’ does not flow 
an all the windings of the compound coil, only in part of them. Hence in 
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the three coils of the compound cowl Cy-i’ = i flows instead of the assumed 
variable i’, where 


Fic. 19.22.—Ungrounded star 


That is, in selecting the new variables one of them often must be 
the current flowing in the compound coil corresponding to an un- 
grounded star, just as in case of a delta. However, in a delta the new 
variable i’ flows through all the coils of the delta (and in the same 
order) as in the primitive network, but in an un- 


- 
ee grounded star the new variable i’ only covers part 
of the star. Hence, 1” all the coils of the star C>i’ 
2 flows. This same current flows in the leads of the 

_ th? star, hence its junctions are not crossed. 
Fic. 19.23.—Open (c) Aspecial case of the ungrounded star is the 
Delta open delta (Fig. 19.23). It may be considered as 


an ungrounded star whose impedance Z,, is zero. 
(d) Another example of a coil tensor is a closed delia in a transformer 
bank, Fig. 19.24, where the new variable i’ has only one component 
1“, hence in the three coils of the compound 


wags Ce ute Be t 
coil C.,*i’ = i flows, where 


; 


Fic. 19.24.—Closed Delta 


Examples of networks with coil tensors are worked out in the next 
chapter. 

If all networks are considered as complete networks then all coil- 
tensors are non-singular. 
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XVI. NEGLECTING THE MAGNETIZING CURRENT 


(a) Whatever labor-saving device can be introduced in ordinary net- 
works can usually be employed in compound networks also. For instance, 
when compound multiwinding transformers are included in the com- 
pound network, their magnetizing currents may be neglected with exactly 
the same Steps as used tn ordinary mulitwinding transformers in Chapter 
XI, namely: 

1. The impedance tensor of the compound primitive network z 
is set up, using leakage-tmpedances 212 for the compound transformer 
as shown in equation 19.21. 

2. The transformation tensor C; of the compound network is set 
up, as in the previous section. 

3. The magnetizing currents are neglected by a second transforma- 
tion tensor Co. 

4. Their product C;-Ce2 gives the final transformation tensor C. 

5. Then C;-z-C gives the impedance tensor z’ of the new com- 
pound network, and so on. 

(6) The second transformation tensor C2 neglecting the magnetizing 
currents 1s set up as follows: 

1. The equations of constraints are set up as 


ni :i! + no-i? + --- = 0 19.48 


in terms of the o/d currents where n is a diagonal tensor of valence two, 
containing the number of turns of each coil of the first network, etc. 

2. The old currents in the equations of constraint are replaced by 
the new currents from i = C;:i’. 

3. As many of the currents are eliminated as there are equations of 
constraints. 

4. The relation i = C2-i’ is set up, giving Co. 


CHAPTER XX 
SYMMETRICAL COMPONENTS 


I. GENERALITY OF THE COMPOUND NETWORKS 


(2) When the impedances of the three-phase apparatus are bal- 
anced their impedance tensors may be brought to a diagonal form by 
the sequence tensor C, as shown in Chapter XIII. Hence, when 
balanced three-phase apparatus are connected into a network in a 
balanced manner the resultant z of the network assumes a simpler 
form if the individual z’s are expressed along the sequence axes. 

Now tn setting up the compound network of any three-phase system 1t 
does not make any difference whether the individual three-phase appara- 
tus are expressed along the circuit axes a, b, c or along the sequence axes 
0,1, 2. In etther case the compound network and tts complete analysis 
are the same, only the values of the individual z's and the tndividual C's 
(coil tensors, and junction-tensors) are different for the two types of axes. 
Hence the contents of Chapter XIX are equally valid if the individual 
apparatus are considered along phase axes or along sequence axes. 

(6) The impedance tensors of three coils (balanced or unbalanced) 
expressed along the sequence axes 0, 1, 2 have already been given in 
Chapter XIII. It is only necessary to develop the z of other tynes of 
three-phase apparatus and the various coil- and junction-tensors along 
the sequence axes 0, 1, 2 in addition to the phase axes a, b, c. 

It should be noted that once the individual impedance tensor z and 
the individual transformation tensor C have been developed for a particular 
type of apparatus along a particulur reference frame, then they will not 
have to be developed all over when the apparatus 1s used agatn in any 
type of three-phase system. From then on, the apparatus is treated as 
a single compound coil, its internal interconnections being entirely 
forgotten. 

Hence with tables available for z and C, the analysis of three-phase 
systems consists of that of compound mesh (or junction or orthogonal) 
networks, and the particular three-phase reference frame (say sym- 
metrical components or any other frame) disappears from view. Of 
course, they reappear in the routine manipulations, which, however, 
can be performed by anyone unacquainted with symmetrical com- 
ponents. 

Sil 
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(c) When the network is balanced and sequence axes are used for 
the individual apparatus, the resultant compound z’ of the whole 
system has several rows and columns, each component being itself a 
tensor with three axes along 0, 1, and 2 as shown in Chapter XIX. If 
the resultant matrix z’ is rearranged by putting identical sequence 
axes side by side (that is, all 0 axes side by side, etc.), it is found that 
the tensors containing the same sequence axes are tndependent of each 
other and do not contain any mutual terms. The equivalent networks 
corresponding to each independent tensor are called ‘‘sequence net- 
works.’’ (The establishment of networks equivalent to a tensor of 
valence two is not undertaken in this volume.) 


Il. IMPEDANCE TENSORS ALONG SEQUENCE AXES 


(a) For three unequal coils their z along the phase axes and sequence 
axes are given in equations 13.18 and 13.21 respectively. 

For three equal coils with balanced mutual inductances the equations 
reduce to simpler form. For reference, some of these simpler forms are 
shown again in the second column of Table 19.1. 

(b) With balanced three-phase multiwinding transformers each leak- 
age-reactance tensor Z,_, has a diagonal matrix with identical compo- 
nents, if the magnetizing currents are to be neglected. Hence by 
CyZp -q°C, 


2 


20.1 
0’ 1’ 2’ 
0 
=1 20.2 
2 


In the general case n, contains complex components along the sequence 
axes. 

(c) For many three-phase apparatus the impedance tensors z along 
the sequence axes are not calculated by C,,-z-C, from those along the 
phase axes, but are determined separately from test or from the design 
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constants of the apparatus. For rotating or static apparatus respec- 
tively they usually have the following forms 


20.3 


lI. JUNCTION AND COIL TENSORS ALONG SEQUENCE AXES 


(a) Since the junction tensors C, are non-singular (square) they are 
transformed to sequence axes by C,’-C,-C,. For the delta and the 
two types of zigzag connection they are given in Table 19.2a. It 
should be noted that a sero-sequence current cannot pass out of a delta. 

It is interesting to find that, if the interconnections of three-phase 
apparatus are balanced, the corresponding transformation tensor 
expressed! along the sequence axes also has a diagonal form. Hence it 
may be stated that: ; 

1. The sequence tensor C, changes the z of a balanced impedance 
to a diagonal form. 

2. It also changes the C of a balanced interconnection to a diagonal 
form. 

(b) The coil tensors C, are singular, and the formula C7'-C,-C, 
cannot be used indiscriminately. One procedure to transform a singular 
coul tensor to sequence axes ts the following: 

1. Express the singular transformation i = C-i’ as a set of “‘equa- 
tions of constraint’? containing phase currents. 

2. In the equations of constraint replace all phase currents by 
sequence currents. 

3. Replace the equations of constraint (containing now sequence 
currents) by the transformation i -- C-i’. 

The coefficients give the desired coil tensor expressed along sequence 


axes. 
(c) For instance, let the coil tensor of the ungrounded star be 


(equation 19.46) 


it= 4 
1b 1b! 
eo = 1 C, = 


20.4 


4¢ = — 42" meat qo! 
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The transformation i = C,-i’ stands for the following ‘‘equation of 


constraint’ 
2@+qeo tit = 0 20.5 


Replacing the phase currents by sequence currents 
V5 [(a° + 4! + 27) 4+ (49 + aa! + ai?) + (2° + at! + a72*)] = 0 


or 37 = 0. Hence the equation of constraint in terms of sequence 
currents 1s 


ae = 0 20.6 
This is equivalent to the following transformation i = C,-i’ 
2 
9 = 0 0 
= i Ge1f i | | 20.7 
1? 1?’ 2 1 


This new C, is the sequence equivalent of the phase C, of equation 
19.46. 

It should be noted that no zero-sequence current can be assumed to 
flow in an ungrounded star (or in an open delta). 

(d) For a closed delta the coil tensors along the phase and sequence 
axes are given in Table 19.2. 

It should be expressly noted that the same number of new variables 
are introduced along the sequence axes as along the phase axes, that is, 
the coil tensors have the same form when expressed along either axes. 
In the usual method of analysis practically always more sequence 
variables are introduced than are actually needed, making the analysis 
still more involved. 


IV. EXAMPLE WITH TWO TYPES OF AXES 


(a) Asan example, let z’ of Fig. 20.1¢ be expressed along both types 
of axes. Zhe compound network of Fig. 20.16 and tts analysts are the 
same for both types of three-phase axes. 

(6) The z and e of the primitive network are 


P q r 8 


EXAMPLE WITH TWO TYPES OF AXES 515 


The transformation tensor is 


q’ r’ 
iP = Cycie’ p 
it = ie’ q 
; ; C; = 20.10 
iv = i” r 
i? = Ci” Ss 


To neglect the magnetizing current, the equation of constraint is 
set up as 


n, i? + n,-i7 = 0 20.11 


eds Seer 


(a) Given network 


(6) Compound network 
Fic. 20.1 


Replacing the old currents by the new currents from equation 20.10 
0 


n,-i? + n,-i"’ 
Eliminating i*’ 


ie’ = =n, I on,ei”’ 


r’ 


20.12 


20.13 


20.14 
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If the turn ratio is the same for each phase, n = aI, and 


20.15 


20.16 


20.17 


20.18 


20.19 


ep =] ep | ae, | Aen 


| | V3en| | 20.20 


(d) The impedance tensors are then by equation 20.15 
a’ b’ c’ 
—Z. —Zp —Z5 —Zy 


ZatZet2nZp—2nZq-r my ne 


—Za—Zy ZatZy+2n°Zp—2nZq-r 


20.21 
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0’ 1’ 2’ 


0’| —2nZ, + 


ae ae ee Se ee -_—_— = -_———— oe 
re ee 


z=} 3Z9 + 3n?Z, — 2nZ, , — 34» 


—_——— a“ ee ee ee te — 


2’ —37Z, 34y + 3n°Z,, — lnZy_+ 


n(u? — adep 


n(a — l)e, 3(a — a®)nep 


—-. = -. 


n(1 — a)ey 
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20.23 


(a) Let the network of Fig. 20.2 be analyzed containing an inscribed 
delta three-winding transformer of Fig. 10.3. The compound network 


contains a compound three-winding transformer. 


(c) The primitive compound network 
Fic. 20.2 
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The primitive compound network shown in Fig. 20.25 contains 
seven coils. Its impedance tensor and impressed voltage vector are 
t n k 


20.24 


20.25 


The individual three-phase apparatus Zm, etc., may be expressed either 
along the phase axes a, b, c or along the sequence axes 0, 1, 2. 

(6) In the compound transformer it should be noted that: 

1. The secondary and tertiary windings z, and Z; are in series. 

2. The compound junctions of the tertiary shows that the phase 
connections are interchanged by Cy. 

3. The secondary and tertiary together form a delta, hence the 
crossed compound junctions of the delta (denoted by three crossed 
lines on Fig. 20.25) exist across both of them. 

(c) Since there are three compound meshes, three new variables are 
assumed. The first is assumed in one of the ungrounded stars as 
C,-i!’, the second i?’ in one of the two coils of the delta, and the third 
i?’ is assumed arbitrarily. The cotl and junction tensors may be expressed 
evther along the phase axes or along the sequence axes, depending on the 
components of the primitive compound network. 

Equating the old and the new currents in each coil 


im = — C,-i!’ 

v= C,-il’ 

it = + = i?’ 

it = + Cy-i?’ 20.26 
i" = + Cy-i?’ + i3’ 

i* = + Cy+i?’ + i3’ 


i? = i’ 
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(dq) The transformation tensor C2 neglecting the magnetizing cur- 
rent of the transformer coils p, s, and t is set up in four steps as 
follows: 

1. The equation of constraint in terms of the old currents making 
the sum of the m.m.f. around the compound transformer of the 
primitive network of Fig. 20.26 equal to zero, is 


n,°i? + n,-i? + nei! = 0 20.27 


where n, represents the number of turns of the three primary coils as 


20.28 


Similar matrices apply to n, and n,. 
2. Replacing the old currents by the new currents from equation 
20.26 
n,°Cy°il’ + n,-i2?’ + n,-Ca-i?” = 0 20.29 
or 
n,-Cy-il’ + (nm, + my°Cg)-i?” = 0 


expressing the equation of constraint in terms of the mew currents. 
3. Eliminating i?’ 


i?’ = —(n, + n,-Cy) 1 -n,-Cyeil!’ = —n-il’ 


In eliminating one of the currents care should be taken that 1ts coefficient 
have an inverse. For instance, here i!’ cannot be eliminated since C, 
(equation 20.4) has no inverse. That is, since i!’ has two components 
and i?’ has three (as many as there are closed magnetic meshes) i?’ 
should be eliminated. 

4. Hence the equations of transformations i’ = Ce2-i’’ are 


il’ = i2’’ 1’ 


i?’ = —n-i!” C, = 2’ 20.30 
12’ a i3”’ 3' 
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The product of the two transformation tensors is C1-Cz = 
1” 3” 


e e s e 
—n; Car] —n, Car 


ee ee) aed 


I 


es e 
—Ny ° Ca, 


(e) The final impedance tensor is by C,-z-C 


s hag 3” 
Cus+Zm*Cu + 0, ° *CateZn-Casm + ny Cat*Ze-Caen : . 
Cut*Zp-t" “Cae n- n;° Care Zp-t° “CL = . *Zp—s° °C, 0; *CateZn 
z= —Cut- *Zp—e°Nl +n: Z,-¢°Cgen +n: Cate Ze-2°N —ny *CareZx 20.32 


—Zn°Caen — z°Cacn Zn + Zi + 2g 


Since Z,_,, etc., has a diagonal matrix, its position in a term can be 
shifted. 

The last row and column may be eliminated by the reduction 
formula z; — z2°z; '+z3, leaving one component, representing ‘wo ordi- 
nary equations with two unknowns 7” and 1”’ (i!’). 

If the currents i’ are found, the currents in the individual compound 
coils are i = C-i’ and the induced voltages are e, = z-C:i’. 


VI. FAULTS 


(a) When one or more phases of a transmission line are short-cir- 
cuited or grounded at several points through impedances, each fault 


a — ie v ” | ‘ [ v 


(a) Fault on a network (6) Compound fault 
1G. 20.3 


may be considered as a compound coil connected in shunt across two points 
of the compound network as shown in Fig. 20.3. In the most general 


THE IMPEDANCE AND COIL TENSORS OF FAULTS 521 


case it has a coil tensor Cy and a junction tensor C;;, but in most 
practical cases it is sufficient to assume a coil tensor C;. Each fault coil 
contributes a new variable i, since it introduces an extra mesh into the 
compound network. 

A compound network containing one or more fault coils is analyzed 
just as any other compound mesh (or junction or orthogonal) network. 
That is, as many variables i are assumed as there are meshes, and so on. 
The individual apparatus of faults may be expressed either along actual 
phase axes or along sequence axes. 

(6) In order to be able to substitute several types of faults across 
two points, etc., the impedance tensor of the network may be set up 
without the presence of faults by replacing the fauli coil temporarily by a 
generator. The procedure is equivalent to measuring the impedance of 
the network across the fault (or faults) as shown in Section XV, 
Chapter X. Then the impedance tensor of the network ts connected 
in series with the fault, substituting different types of z for the various 
types of faults. 

This latter method of attack (o: calculating the network and the 
faults separately) is used especially when symmetrical components can 
be introduced, namely when the rest of the network is balanced and 
the faults alone are unbalanced. 


VII. THE IMPEDANCE AND COIL TENSORS OF FAULTS 


(a) Each fault may be considered as a three-phase unbalanced 
apparatus connected to the system. As such its individual zy; is that 
of three isolated coils, some of the coils having zero impedance, as 
shown along the first five figures of Table 20.1. They are special cases 
of equations 13.18 and 13.21 respectively. 

The ground impedance of a fault forms another compound coil in 
series with the compound coil of the fault as shown in Fig. 19.16. In 
order to save labor, the ground impedance Z, may be assumed to be 
incorporated in the three isolated coils of the fault as in Fig. 19.19 so 
that their z, also includes Z, in the manner of equation 19.40 as shown 
in the last figures of Table 20.1. On the figures each coil of the fault 
is still isolated; the effect of the ground coil ts only to change the self- 
and mutual impedances of those fault coils to which it 1s connected, so 
that with the new value of z; the presence of the ground impedance 
may be ignored. 

(b) The coil tensor of a fault shows the manner in which the fault 
impedances are connected to the network. The coil tensors of the 
various types of faults are shown in Table 20.2 for both phase and 
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sequence axes. In each fault as many new currents are assumed as 
there are actual currents flowing (mostly ome actual current exists). 

When the fault consists of a delta, then it should be analyzed as 
any other delta-connected three-phase apparatus. 


=H 


TABLE 20.1.—Individual Impedance Tensors z; of Various Types of Faults 


First column—zy along phase axes 
Second column—z, along sequence axes 


VI. EXAMPLE OF A SINGLE FAULT 


(a) On the network of Fig. 20.4a let a double line to ground fault 
occur on phases b and c. On the compound network the fault is repre- 
sented by a shunt coil z, across the line. 
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Because of the three meshes three variables are assumed. In the 
fault flows C;-i/’ (where i/’ has two components 1?’ and 7*’), in the 
delta flows i® (with three components), and in the ungrounded star 
C.°i*’ (where i*’ has two components 7* and 7°’). 


Doubie line to ground Three-phase to ground 


TABLE 20.2.—Iindividual Transtormation Tensors Cy of Various Types of Faults 


First column—Cy along phase axes 
Second column—Cy along sequence axes 


Once the compound network has been established and the flow of 
currents has been mapped out, the rest of the analysts follows closely 


that of any ordinary mesh network. 
(b) The impedance tensor and impressed voltage vector of the 


primitive compound network with five coils are 
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20.35 


The three-phase impedance tensors z, and z, have three rows and 
columns, containing the self- and mutual inductances of the three coils 
of each three-phase apparatus without interconnections. 


ie iv ee a 


wt 7 


(a) Single fault on a network 


Cat? Ca.iP'oCy.th 


(6) Compound fault 


Fic. 20.4 
(c) Setting up a relation between the old and the new currents 
flowing in each coil of Fig. 20.4) a b’ f! 
i? = C,°i2’ 
i? = C,,°i2’ 
iv jo’ 20.36 
i/ Crit’ 


| 
) 
+ 
e) 
i 
ms 
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where the three-phase transformation tensors Cy, C;, and C, are from 
Tables 19.2 and 20.1 respectively 


= 20.37 
lu 2! 
0 
= | 20.38 
2 
20.39 


The coefficients of the new currents give the circuit transformation 
tensor Cy. 

(d) In order to neglect the magnetizing current of the transformer, 
the equation of constraint of the transformer before interconnection is 
set up as 

n,-i? + n,-i" = 0 /9,40 


Substituting from equation 20.36 the equation of constraint after 
the interconnection is 
n,-C,y-i7 + n,-i’ = 0 20.41 
Eliminating i 
i’? = — nn; '-n,-C,- ie’ 20.42 


Hence the equation of constraint is replaced by the transformation 
i’ a Co-i”’ 


i?’ = i2”’ 
i’ =—n-!-n,-Cy-ie” = —n-ie” 20.43 


i/’ —_ v"’ 
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(e) The resultant transformation tensor is C;-C2 = 


(f) The impedance tensor of the whole system is by C,-z-C 


a’ f’’ 
CiseZp°Cy, _ CigeZg—r-D 
one Ny + Zq-7*Cy 2 = ny + CageZ_eCy 
Zz" = + my Cay eZ_-Ca-n 20.45 


_ CyerZerCa-n Chee (ts + Za) °Cy 


having a 2-matrix with four rows and columns. The axis of a’’ may be 
eliminated by the reduction formulas of Chapter X, leaving only the 
two fault variables. 

The currents are found by i” = z”’-!-e”, where e” = C,-e 


e” = 20.46 


When the currents i’’ have been found, the voltages existing across 
the individual coils of each three-phase apparatus are found by 


—Zg—rneie” 


a 20.47 


zpeCrris’ 


—z,:Caen-i*’ + Z4°Cyeil”’ 


where z-C has already been calculated in equation 20.45. The currents 
in the individual coils are found by i, = C-i’’. The self- and mutual 
admittances of the individual compound coils are found by C-y’’-C,. 
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IX. PRELIMINARY CALCULATIONS FOR SIMULTANEOUS FAULTS 


(a) Let the network of Fig. 20.5a be given on which two faults are 
assumed to occur at points fi and fo. There are eight closed electric 
meshes and two magnetic meshes in the primitive compound network of 
Fig. 20.55. Since several types of faults are to be assumed at these 
points the faults are replaced temporarily by three-phase generators ey) 
and es2. The method of attack is the same as that for any other com- 
pound network. 

After finding z’ of the compound network containing six rows and 
columns (two of the eight original variables being eliminated by 
neglecting the magnetizing currents of the two transformers), four 
more rows and columns will be eliminated to leave 1n z’ only the rows and 
columns of the faults f; and f2. The resultant z' with two rows and 
columns will be put in series with various types of fault impedances 2; 
an place of e;, and @y2. 

(6) The impedance tensor z of the primitive network is 


20.48 


It should be noted that the branches representing the faults f; 
and f2 have no impedances, still the corresponding rows and columns 
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are reserved for them. Also a mutual impedance Z,, is assumed to 
exist between the two transmission lines t and m. 


The impressed voltage vector is 


20.49 


(If a compound network with several simultaneous faults is ana- 
lyzed as a compound orthogonal network, then the additional fault- 
generators do not introduce additional apparent coils in the primitive 
network. The fault-generators appear then as components of E’ instead 
of the components of e. In either case the resultant impedance ten- 
sors Zz’ have the same number of rows and columns.) 


(a) Network with two faults 


Cyt eel oil viv og? 


(6) Compound network 
Fic. 20.5.—Multiple faults 


(c) In order to set up the transformation tensor C; as many new 
variables are assumed as there are meshes, namely eight. Two of them, 
if! and i/?, are assumed to flow through the fault generators (the coil 
tensors C, will be assumed when the fault impedances will replace the 
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generators). The others are assumed as usual in deltas and in un- 
grounded stars. 

Finding the currents flowing through each coil as shown in Fig. 
20.55, the relation i = C,-i’ is set up by equating the old and the new 
currents flowing in each coil as 


i? —_— Cari” 


if = iv’ 
”" = Ceac i” 
if = if. + ir’ +i + in + Cui,’ 
it = ifs + i” + iY 4 9 + Cyrin’ 
i? = if: 
iY = iY +i + Carin’ 
"= i 
iv = C. Aci” 
ik — 1"’ 
it = i”’ 
it = in 
i™ — Cui” 
q’ r’ fo’ y’ w’ h’ f’ m’ 
p} Ca 
qi I 
r Cia 
Ss I I I I | Cy 
t I I I I | C, 
fo I 
C, =U I Cy 20.50 
v I 
Ww Cra 
k I 
h I 
f I 
m Cy 


The coefficients of the mew currents give C;. 
(2) To neglect the magnetizing currents, the equations of constraint 
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of the two transformers in terms of the old currents are 


n,-i? + n,-iT + n,-it = 0 
20.51 
n,-i* + n,-i? + n,n” = 0 
Replacing the old currents by the new currents 
noi?” + n,-Ceaei” + nye (ie +i” +i” +i + Cy-i*’) = 
20.52 


nye (i + if, + Cy-it’) + nei” + ny°C.,:i” = 0 
Eliminating say i*’ in the first and i” in the second equation 
ie’ =—n7!-[n,-C.yei” + nye (ifs + i” +i” + ih + C,-i”’)] 


iv =—ny!-(ni” + ny-C.g-iv’) — if’ — Cui’ 


Substituting i*’ into the first equation 


i” =— no! en, -C. gi” —nz en, [ia +(I—n, 'en,) i?’ —ny ena Coa-i*’] 
Defining 

n=—n,'-n, ne =—n,'-n,, n3 =— (nj '-n, — ny n,n, *n,), 
m =n-'-n,-nj'-n,, Oe =—n,'n,, ny =—ny)-ny 


and substituting for i and i” 
i?” = nyC.nei” + mocifs + ngei”? + my-C.,-i” 
i” = ngei” + n7-C.aci”’ — if — Cy-i™ 
Leaving the other currents unchanged, the two equations of con- 
straint are expressed as a transformation i’ = Ce2-i’’, where 


r”’ fo/’ vy” ww" f,’’ m” 


n)°C.4 | De 


ad 


20.53 
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(e) The resultant transformation tensor is by C1-Cy = 
r”’ fp" y”’ w’! f,;’’ m’ 


Pi Carm-Cra | Carne | Carns | Ca-ny-C,4 


rem Fre we ef ee ee eee oe ee -_-- —- 


q ni:Cca ng ny n4°C, 4 
r| cs | | | | | 
s| “Te Pea soe ee 
tl | « It+mel aCe | | 
ot = | rt |. | fo 
C= u i ae ae ee ae 
: “sa (RGR (In Ge 20.54 
w ae a: ee ee ae 
k ae a ee ee 
h ae aes ee Pe a re 
f, a 
m — rs a Ci 


(f) The impedance tensor z’ of the network is by C,-z-C where z 
is given in equation 20.48 


r’ fp" vy” ww’ f,"’ m”’ 


Zp! Of | 


——uw 


The impressed voltage vector is by C;-e = 
yr’ fo!’ vy’ w! f,/" m” 


ie nay Cas@y | mepsCas@y | Coaster Care Cp 


+ngeen | +Coarn-en 


r’’ fp!’ vy’! ww f,’’ m’ f;’’ fq’ r’ y’’ w’ m’” 
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(g) From z' and e’ all rows and columns may be eliminated except 
f;.. and fo. by the reduction formulas of Chapter X. First the order of 
the axes should be changed so that f1-» and fz-- should be the first two 
axes, as shown, in which case z’ and e’ may be written as doubly 
compound tensors 


ies 20.59 


Eliminating the second row and column by the reduction formulas 


z"" = Zaq — Zag*Z,, *Zde 20.60 
e” = @y — 2a,°Z,, °C, 20.61 


where z” has altogether six rows and columns representing the self- 
and mutual impedances of the network as viewed from the three-phase 
lines at the two faults and e” has six components, representing the 
open-circuit voltages appearing across the two faults, that is, the equiva- 
lent impressed voltages. Hence 


f,’’ fo’’ 


f,’’ 
z’=2, = e’ =e, =] e1 | ee 20.62 
fo’’ 


X. SIMULTANEOUS FAULTS IN BALANCED NETWORKS 


(a) Whenever z, and e, of a network as viewed from the faults are 
separately -calculated, then the network may be represented by a doubly 
compound coil z, and the two (or more) faults as another doubly compound 

coul Zy in series with it, as shown in Fig. 20.6. 

- e 83 Cr-t®& The impedance of a doubly compound coil is a 
Fic. 206.—Multiple tensor in which each component itself is a tensor. 
faults as doubly com- (6) The impedance tensor z’ of the network 
pound coils and the faults may be found from Fig. 20.6 in 


the usual manner as follows: 
The impedance tensor of the primitive network is 


n f 


20.63 e=| e, 


20.64 


| 
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The transformation tensor C of the network and the faults is found 
from Fig. 20.6 as 


f’ 
i” = C,-if’ n Cy 
f= Cpl * Vey me 


The impedance tensor of the resultant system is by C;-z-C 


| 2’ = Cye(tn + 2y)Cy | 20.66 


. ‘ * 
and the impressed voltage vector is by C, -e 


where each tensor is a compound tensor expressed along the phase or 
along the sequence axes. 

These two equations ure valid for the calculation of any number of 
aults. 

(c) In case of two faults these equations become 


Zi1 | 212 


20.68 


Performing the operations indicated in equations 20.66 and 20.67 


fi fo 


Crue (Zur + 24,)°Cy, | CrurzieeCy, 


er et eee 


| Ce (222 + 2y,)°Cy, 


20.69 


C jot*Zi2°Cy, 


f; fo 


It should be noted that z’ is not a symmetrical tensor. 
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XI. EXAMPLE OF A SINGLE FAULT IN A BALANCED NETWORK 


Let the impedance tensor z, and also e, of a balanced network as 
viewed from a fault be 


2 Lu’ i? 
e 329g 
Fic. 20.7.—Double line Fic. 20.8.—Equivalent circuit 
to ground fault of the network of Fig. 20.7 


Fig. 20.7. From Tables 20.2 and 20.1 the impedance tensor and the 
coil tensor of the fault are 


20.72 


By equations 20.66 and 20.67 z’ and e’ of the whole system are 


1’ 2’ 
1’ 2’ 


Zo + 21 + 22 + 32, Zo+Z + 32, [ay] 20.73 
nf a e’ = : 
Zo+Z + 32, Zo + Ze + 2Z + 32, 


The equations e’ = z’>i’ may be represented by the equivalent 
circuit of Fig. 20.8 having two meshes. 
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Xl. EXAMPLE OF A DOUBLE FAULT IN A BALANCED NETWORK 


Let the impedance tensor z, and also e, of a balanced network as 
viewed from two faults be 


01 li 21 Oe 1, 29 
0:1 Zo + Xo Xo 
fof hk A+X a. 
fi] Zn | Ze 21 BAN Xe 
mt Z12 | Z22 ” 0, Xo ee | ae 
1; oe ae +X 
22 X a Z2 + Xe 
20.74 


fi fs QO; 1; 2; O2 Ie 2 


Let one of the faults be, say, a line to line and the other a line to 
ground fault as shown in Fig. 20.9. From Tables 20.2 and 20.1 the 


Ze Ze2 2f1 2f2 


(a) Before the fault (b) After the fault 
Fic. 20.9.—Example of a double fault 


impedance tensor and the coil tensor of the faults are (before faults 
occur) 


0; 1; 21 Oo lo 22 


536 SYMMETRICAL COMPONENTS 


The fault impedances are connected to their network by their coil 
tensors 


20.77 


By equations 20.66 and 20.67 (or by equations 20.69 and 20.70), 
z’' and e’ of the whole system are 


ly ly 


21+ 22+ X%1+ X%2+ Zp X; — aXe 
SS rr a Sree GLANS 20.78 


X1 — aXe Zot Zi, 4+ 224+ Xv t+ Xi + Xo +Z pe 


2().79 


XIN. MIXED REFERENCE AXES 


(a) It was shown that in setting up the compound network for 
three-phase svstems it is immaterial whether the individual apparatus 
are all expressed along the phase axes a, b, c or all along the sequence 
axes 0, 1, 2. This difference in the reference axes of the component 
z's is taken care of by the coil and junction tensors, a separate set for 
each type of z. 

(6) However, it is not necessary that all apparatus of the same 
system should be expressed along the same type of axes. The com- 
pound network and its method of analysis are valid without any change 
even tf the vartous three-phase apparatus are expressed along different 
types of axes. Some may be expressed along the phase axes, others along 
the sequence axes. Even some of the component z may have two types of 
indices, the first set being phase axes, the second being sequence axes, or 
vice versa. 

This difference in the individual reference axes of the component 
z's is taken care of again by setting up a different set of individual 
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transformation tensors (coil and junction tensors) having two types of 
indices, one of the set being the phase, the other the sequence axes. 
That is, 77 addition to the two sets of coil and junction tensors given in 
Tables 19.2 and 20.2 two additional sets need to be set up. In the first 
set the vertical indices are 0, 1, 2 and the horizontal ones are a, b, c; 
in the second set the position of the indices is interchanged. A similar 
set of tables may be set up for the z’s of various types of apparatus and 
faults. 

(c) Similarly, 1t1s possible to introduce for some or for all of the three- 
phase apparatus other types of reference frames besides a, b, c and 
0,1,2. The solution of the compound network is equally valid for ali of 
them. However, the individual impedance and transformation tensors 
have to be expressed along the new individual reference axes. 

It is also possible to replace some or all of the three-phase appara- 
tus by two-phase or four-phase, etc., apparatus, without changing 
the compound network. 

(d) It is emphasized that, since each compound coil of the com- 
pound network may be expressed individually along several types of 
reference frames, therefore each component Z;, Z2, etc., of tie compound 
impedance tensor z of the primitive compound network 1s a tensor on its 
own right and not a 2-matrix. 


CHAPTER XXI 
MULTIPLE TENSORS 


I. THE CREATION OF MORE COMPLEX ENTITIES 


When a conglomeration of atoms organizes to form a new entity, a 
molecule, by the very process of organization the new entity acquires new 
properties that its component parts, the atoms, do not possess. The 
process of organization, however, continues along several directions 
toward the formation of more complex entities. A group of molecules 
may organize into a colloidal particle, a filterable virus, or a crystal, 
each having properties different from those of the component molecules. 
Colloidal particles may organize into cells, cells into organs, organs 
into plants or animals. 

The organization of a conglomeration of mathematical expressions 
into “geometric objects’ and ‘tensors’ of various valence is only the 
first step in the organization of complicated mathematical entities. 
A second step was made in Chapter TX where a collection of tensors 
of the same valence has been organized into a ‘“‘compound tensor.”” In 
this chapter a conglomeration of tensors having different valences are 
Organized into entities with more complex structure, to be called 
“multiple tensors.”’ 

Both “compound tensors” and “multiple tensors’ are only links 1n 
several chains of increasingly complex mathematical entities. These 
mathematical entities represent more complex objective physical entities 
appearing 1n nature, whose existence can be inferred by measurements 
made along several types of reference frames. 


II. MULTIPLE REFERENCE FRAMES 


(a) In each problem so far considered only one set of reference 
frames occurred, each reference frame having n axes. The m axes were 
formed by 2 coils or by 2 hypothetical axes so that in A gg,, for instance, 
each of the indices a or 8 or y referred to all the 2 axes. In introducing 
compound tensors the n axes were subdivided into several groups so 
that in Aug,, for instance, the index u referred to one of the groups of 
axes, p to another group, and £ to all the axes. 

538 


REPRESENTATION OF MULTIPLE TENSORS 539 


(b) In electrical engineering numerous problems occur in which 
several sets of reference frcmes are used, where a reference frame belong- 
ing to one set may contain 7 axes while another reference frame belong- 
ing to a second set contains k axes, a third frame may contain h axes, 
and soon. Each set of reference frames has its own transformation tensor, 
so that in Aag,,, fcr instance, the transformation tensor of the set of 
axes a, 8 is Cy while those of pq is C}-. The two tensors Cz, and C2, 
represent different groups of transformation matrices. 

As a special czse no transformation tensor may be associated with 
one of the reference frames, so that the corresponding indices are 
closed indices as A a§;7)(q)- 

Up till now, in each network, with each branch there was assumed to 
be associated only one component of e, or of 7%, that is, in each branch 
only one known voltage or one known current was assumed to exist. 
However, i each branch several sets of currents or voltages may exist, 
each influencing the others in various manners. For instance, in each 
branch currents and voltages with several frequencies w1, wo +++ w, may 
exist so that tm each branch the current is represented as 1?, where p 
assumes the value w), w2° ++ w, in succession. If there are 2 independent 
branches, the current vector is represented as 1°”, where a represents 
the brarch in which the current flows and p represents the various 
frequencies. The vector 17? has n X k components. 

When frequency conversion exists in a network represented by a 
transformation tensor C},, then the vector 77” attracts two different 
types of transformation tensors: 

1. C%. interconnects the coils, leaving the frequencies unchanged. 

2. C3. changes the frequencies, leaving the coi interconnect‘ons 
unchanged. 

That is, 1¢” is a contravariant tensor of valence one in the a reference 
frame and also in the p reference frame. I.2 spite of tts two indices 1°” 
4s not a tensor of valence two. 

(c) Other examples of systems with multiple reference frames are 
plentiful in engineering. Such, for instance, are rotating electrical 
machines with d-c. and a-c. impressed voltages, or with small oscilla- 
tions superimposed upon their steady rotation; transmission lines along 
which several waves with different velocities travel, and so on. 


Ill. REPRESENTATION OF MULTIPLE TENSORS 


(a) A tensor containing two or more sets of indices (each set referring 
to a different set of reference frames) will be called here a ‘‘multple 
tensor.” A base letter may have different number of indices in the 


540 MULTIPLE TENSORS 


different frames. For instance, 2ag?* is a covariant tensor of valence 
two in the a frame, but it is a contravariant tensor of valence three in 
the » frame. The transformation matrices C%- belong to a different 
group from C?.. 

Also a base letter may be a tensor in one frame, a geometric object 
in another, and an n-matrix in a third set of frames. For instance, 
A apg) iS a vector in the a frame but it is a 2-matrix in the p frame. 
That is, Aacpyrg represents a set of k? vectors Ag. The a reference 
frame may be transformed to a’ by C%-, but the closed indices are not 
transformed. 

(6) Multiple tensors are represented the same way as ordinary 
tensors shown in Chapter I, Section VII, with the difference that along 
several directions the number of fixed indices is different. For instance, 


(a) 


(8) THE MULTIPLE b ak (c)a sev oF k® 


Fic. 21.1.—Various Representations of the Multiple Tensor A%?* 


if in A??¢ there are seven axes in the a frame and five axes in the p 
frame, then the number of components in A??*?is 7 X 5 & 5 = 175, as 
shown in Fig. 21.1a. 

When the a frame is assumed to be temporarily unchanged, that is 
when a is a closed index as A‘, then the tensor is a set of seven 
2-tensors A?* arranged in a column (qa) as shown in Fig. 21.15. When 
the indices p and gq are considered closed indices as A®*”), then the 
tensor is a set of 5* = 25 vectors as shown in Fig. 21.1c. 

| Similarly the multiple tensor A%*7? may be represented temporarily 
as a set of 3° = 27 2-tensors as A‘@® 9 shown in Fig. 21.2a or as a 
set of 4° = 16 3-tensors A%*7'?)@ shown in Fig. 21.20. 

(c) Alultiple tensors can also be subdivided into component tensors so 
that the multiple tensor becomes a compound multiple tensor. For 
instance, if in A%7'?)@ the indices a, B, y represent both mesh and 
junction-pair axes, then say the index a may be subdivided into the 
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mesh axes m and the junction-pair axes u giving A ™#7'P)@ and A u87(p)(@) 


Lay rth weal! 
EE EU 
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A 
zak 
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eR 
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(A) (q) 
(a) A SET OF k* 2- TENSORS (b) A SET OF k? 5. tensors 
sXe) pg, pg TOE(PIG) 


Fic. 21.2.—Representation of the Multiple Tensor A297" 


as shown in Fig. 21.3. Or m may represent the active and w the in- 
active junction-pairs, and so on. 


Fic. 21.3—Compound Multiple Tensor Axby(p)(a) 


IV. REPLACEMENT OF COMPLFX NUMBERS 


A simple example of multiple tensors may be introduced in steady- 
state problems, where the components of the various tensors are com- 
plex numbers. Computation shows that any complex number r + jx 
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representing an impedance may be replaced by a matrix with two rows and 
columns containing only real numbers as 


so that, for instance, the impedance tensor Zag of an n-mesh network 
with 2? complex components can be replaced by a multiple tensor 
Zef(p)(g) having twice as many rows and columns with all real compon- 
ents as 


where a and £ represent the 2 circuit-axes a and 6, while p and g repre- 
sent the two time axes r and 1. 

Along each reference frame (mesh or junction-pair) two new hypo- 
thetical time axes are now assumed, a real and an imaginary axis r and 
1, so that the voltage and current vectors are expressed in terms of their 
in-phase and out-of-phase components. For instance, if the current 
vector of the two-mesh network is 

a b ar ay br »d, 


the voltage vector e is found by z-i as 


2a — 3b + Se + j(3a + 2b + 4c) 
e = 
b]—2d — 4c — Sf + j(—3d + Se — 4f) 


V. MULTIELECTRODE TUBE NETWORKS 


(a) A simple example of networks in which multiple tensors occur 
is a multielectrode-tube network with small impressed voltages Ae or 
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currents AI. Because of the non-linearity of the tubes a voltage of one 
frequency w; produces in each coil currents with several frequencies w, 
we °°? Wn, and vice versa. In the resultant multiple tensors one set of 
indices m, n, k --+ refers to the coils in which the currents flow, while 
the other set of indices a, 8, y -++ refers to the various frequencies. 
Since in this chapter no frequency transformations are assumed, the 
indices a, 8B, y «** are closed indices. 

The equations of voltage and current for mesh and junction net- 
works will be developed in the form of a Taylor’s series that is analogous 
to the power series shown in Sections XIII and XIV, Chapter I. The 
non-linear network may be looked upon a!so as a mesh, or a junction, or 
an orthogonal network, just as any linear network can. 

First the non-linear equations of a multielectrode tuhe without the 
presence of the outstde linear network are developed. Afterward the 
interconnection of a tube or several tubes with a linear network is 
considered. 

(5) Since the groups of transformation matrices CZ. that will be 
used are not functions of the variables, all geometric objects to be intro- 
duced in this chapter are tensors. 


VI. A MORE GENERAL FORMULATION OF THE “SECOND 
GENERALIZATION POSTULATE ” 


(a) In order to keep the physical picture clear the non-linear 
equations of a tube will be developed in four steps, assuming: (1) 
one electrode having one current, (2) one electrode having several 
frequencies of current, (3) several electrodes, each having se-eral 
frequencies of currents, (4) several sets of electrodes, each set having a 
different function. 

The step from 1 to 2 introduces a set of closed indices (a), (8) -:-, 
the step from 2 to 3 adds an additional set of open indices m, n --- 
(in mesh networks) or u, v --- (in junction networks), and the step 
from 3 to 4 adds several sets of open indices. 

Throughout the development, emphasis will be laid upon the 
important fact that, as the complexity of the physical system increases, 
the number of tensors, the form of the equations, and the reasonings 
accompanying them do not change, only the number of the set of indices 
increases. Each increase in the complexity of the physical set-up adds an 
additional set of indices to each base letter. 

That is, whatever theories, laws, equations, etc. are developed for 
ordinary networks are all valid for multiple networks by simply replacing 
Single quantities by tensors and single tensors by appropriate multiple 
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tensors. They are equally valid for compound multiple networks by 
replacing each multiple tensor by an appropriate compound mulitple 
tensor. 

This statement may be considered as a more general formulation 
of the ‘“‘ Second Generalization Postulate ’’’ in which the expression 
“ tensor’ may include compound tensors, multiple tensors and com- 
pound multiple tensors of any complexity. 

(b) Corresponding to the equations of the physical system, Taylor’s 
series is developed in the following steps: 

1. Functions of real variables; in one variable and in several 
variables. 

2. Functions of complex variables; in one set of variables and in 
several sets of variables. 

Afterward the inverse series are developed for the same cases. 


Vil. TAYLOR’S SERIES 

Let any equation y = f(x) be given. Its graph is shown in Fig. 
21.4. Suppose that for a given value of x, say xo, the value of y is 
known to be yo, but it is not known for 
any other value of x. Suppose also that 
for the given value of x not only y but 
also all its derivatives are known. 

The problem is whether it is possible 
to find the value of y at another point 
x; in the neighborhood of xo, even though 
the value of y is known only at point xo. 

Taylor's series gives the value of y at 
point x, in terms of the value of y at xo, 
of all its derivatives at xo, and of the dis- 
tance x1 — xo = Ax, all of which are known, 
provided certain conditions stated in text- 
books are satisfied. The value of y at x; is 


Fic. 21.4.—Graph of an 
equation y = f(x) 


o oy 2 34 
Day = 20k ene +553 (As) +253 (42)? + 


where all derivatives are taken at point yo. Since only Ay, the change 
in y, is needed, the equation becomes 


1 d’y 


ay = Yast 5 23 (ax +4 ZS (as) po. 21.2 


2! ax? 


If the slope of the curve in the neighborhood of yo is constant, the 
curvature and 0*y/dx? are zero, leaving Ay = (dy/dx) Ax. 
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VII. TAYLOR’S SERIES IN AN INVARIANT FORM 


(a) Let each of two variables be a function of two other independent 
variables; that is, let y* = f*(x.,%,) and y° = f*(xa,x,). (The position 
of the indices varies in various problems, depending upqn what the 
variables y and x represent.) 

If each of the independent variables changes by an amount Ax, and 
Ax», the change in the dependent variables is 


oy? oy" 
Ayt = 2 as. + 2 ax| 
OXa OX, 


1 | 072 Q2y2 Q?y2 e? ya | 
= Ax,AXa Ax,AXx, Ax, Axu-+ ~—-— Ax, Ax 
T 3l Secon. YAR AS, pao en 
1 | : a3 ys 


Ax, Ax,A%e 4 oie 
6 | 0X%gOXudXa paleeerbai tr |+ 


1  Bhial 


ae 22 ere axp 


| §2yP g2y? d2y? gy? 
= - Ax, A%Xa Axa : Ax,Axa+ ——— Ax, Ax, 
a5 2L OX20Xa 2 0X20Xp acl OX,OXa sate T OX, 0X ee 
1 | ae 


Ax, AxXaAXe foe: i 1. 
ee ae Ax qAxaAXa + |+ 21.3 


(6) If, instead of two functions of two variables, there are 2 func- 
tions of variables, then there are ” such equations as the foregoing, 
each parenthesis containing 2, n?, or »® terms instead of 2, 22, or 2°. 
In index notation the 2 equations are written as one invariant equation 


21.4 


where the indices m, n, k, --- may assume any one of the values a, 0, 
C, ese 

This equation is similar to its scalar form, equation 21.2, except the 
nth power of Ax, that is (Ax)*, is replaced by Ax,Ax, --+ Axa. 


IX. GEOMETRIC OBJECTS OF HIGHER VALENCE 


(a) In the invariant equation 21.4, Ay™ is a contravariant vector 
and Ax,» is a covariant vector: dy"/dx, is a doubly contravariant 
tensor, as has been shown in equation 15.16, and is represented, say, 
by Y™. 

The expression M™** = (2) 0?y™/dx,0x, is a tensor of valence three 
where each term is a partial derivative of a component in Y™*. It is 
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represented in each particular reference frame by n® numbers arranged 
in a cube as shown in Fig. 1.2. On paper for, say, m = 4, it can be 
represented by four matrices, each containing 4? components by assum- 
ing that in J/™"* the variable index m assumes the fixed indices, 
a, 6, c, and din succession. One of the four matrices (when m assumes 
the value a) is 


n a b c d 
a*y* 


OXg0Xa 


ar y4 a?" 


OXaOX¢ 
d*y" 
OXpOXe 
aa 
OXe Ox e 
a?" 


OXGOXe OX, 


ay" 
Ox, a 0 Xd 
ay" 
OXpOXa 
ay 
OX.O%Xa 
ay" 


OxXdOXa 


24 21.5 


In matrix 2M*"* in each numerator ¥ occurs instead of y*; similarly, in 
the others, y* and y? occur respectively. 

Instead of m, of course, 1 or k might have assumed the fixed indices 
a, b, c, d, resulting in matrices that represent different cuts of the 
original cube, or the same 4* components might have been arranged in 
two other ways. 

(b) The expression D™"** = ($)d3y"/dx,0x,0x, is a tensor of 
valence four. It has im each particular reference frame n* components, 
each a partial derivative of a component in “@™"* with respect to x,. 
On paper (Fig. 1.7) it may be represented by n? matrices, each with n” 
components, by replacing two of its variable indices by their fixed 
values in succession. For n = 4 one of the sixteen matrices (when 
m = band n = ¢) is 


aey? 


OXeO%XeOXa 


ay? 


OX.OXpOXe 
ay? 
OX-OX-O0Xa 
ay? 
OXe OXad Ox a 


ay? 


OX, OXpOXH 


ay” 


OXcOXcOXDd 


ary? 
OX OXGOXd 


OXe OXa OX, OXe OXa OXe 


OX. OXHOX¢ 


ay? 


OX, OXcOXc 


gy? 
OXc OXa OXe 


OXcOXa OXa 
ay? 
OXeOXbOXa 


a*y? 


OXe OXe OXd 


3° y? 
OX. OXaO0Xa 


21.6 
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(c) In terms of these tensors Taylor’s series can be written 


Ay™ = Y™ Ax, + M™*Ax, Ax, + D™™ "Ax, AxpAx, + 0° 21.7 


It should be noted that the free index in each term is m. 

(d) The indices for Ay and Ax may be upper or lower indices, 
depending on the problem. Accordingly, the position of the indices of 
the other tensors also varies in the various problems, as is shown later. 
For instance, when the series represents a transformation of the vari- 
ables (when Ay™ represents the variables in the old reference system 
and Ax" in the new reference system, a type of transformation that 
occurs frequently in tensor analysis), both y and x have upper indices 
and equation 21.7 becomes 


Ax™ = Y™,Axt + M™ pAxex? + D™agyAxtAxPAxt? +++. 21.8 


X. THE MODULATION TENSOR 
(a) If small voltages are applied at the various junction-pairs of 
a multielectrode tube in addition to the constant battery voltages, the 
small current changes are given by equation 21.7, where y is replaced 
by I and x by E, that is, 


4 = Y“AE, + M’VAE,AEy + DY“ AE, AEWAE, +:+:> 21.9 


The 4-tensor D“*“* introduces currents that cause distortion; hence 
it may be called the ‘distortion tensor.”’ 

Usually it is sufficient to consider the first curvature of the I-E 
curve; hence the last term is neglected, leaving the equation of current 
of multielectrode tubes (considering them as junction networks) 


Since the 3-tensor M*“” determines the modulation characteristics 
of tubes it may be called the ‘‘modulation tensor.” If the curvature is 
neglected, it simplifies to AJ* = Y**AE,, which has already been given 
in equation 15.15. The admittance tensor Y** of nonlinear networks 
may be called the ‘amplification tensor.” 


For any tube 
ye ol 
10¥y" 1 09 
COW 2c —— ee + ~ - 1.il 
aa 2! dE. 2! OF, OEw : 
pww 1 Mee 1 ory 1 atl 


3! OE, 310F,0E, 3! 0E,0E.OE. 
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(6) For a pentode the four matrices of the modulation tensor are 
given in equation 21.5 by replacing y by J and x by E. For a screen- 
grid tube the three matrices of the modulation tensor are 


ac 


1 Or, 1 Orn 


= 2 aE, = 2 Ep 21.12 


aG*P aG*? 
p OE» JE» 


2MPw = b 


In the absence of grid currents the components of the first two matrices 
M*" and M”’ are all zero. 

Since Mv = 2aY«"/dE,,, the components of Y“ are differentiated 
with respect to the third index, shown above the columns. For 
instance, M°»* must be equal to half of the partial derivative of Y*» 


with respect to £,. 
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(c) For a triode, the two matrices of the modulation tensor are 


1 Org 


2 a 


QGSsP 


In the absence of grid current the components of the first matrix Ms” 
are all zero. 

(d) The equation of voltage of a iube considered as a mesh newwork 1s, 
from equation 21.7, 


O€m 1 OZmn 1 07m 


ain’ atk 2 ainaik 


where 


Zmn 


XI. COMPLEX TAYLOR’S SERIES 


(a) In this section Taylor’s series will be investigated where the 
variables and the coefficients are complex numbers instead of real 
numbers. 

Let a set of sinusoidal voltages be impressed across a non-linear 
junction circuit, say a crystal detector in series with an impedance, 
each voltage being of different frequency; that is, let 


(a) 
(1) (2) (2) 


each AE being a complex number 
AE; = AE; + jAE, = V/2(E1 cos wit — Ej sin wif) 


Since transformation of the frequencies to other frequencies is not 
intended in this chapter, the closed index a in E,a) shows that the 
components of E,2) are arranged in a row, but no formula of transforma- 
tion is associated with the index. 

Owing to the application of the voltages with m different fre- 
quencies, the following sets of currents flow in the non-linear circuit: 
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1. A set of » currents AJ, each current having the frequency of 
the corresponding voltage 


(a) 
NX (1) (2) (n) 
ar [aro] [ar] 2116 


2. A set of n? currents AJ), each having the frequency of the 
sum of two impressed voltage frequencies, including the case a = 8. 
These currents can be arranged in a square. They are caused by the 
curvature of the E-J curve. 

3. A set of nm? currents AJ“, each having the frequency of the 
difference of two impressed voltage frequencies. The two preceding 
matrices are denoted as AI‘@)‘*) so that 


No 


A similar matrix exists for AJ‘@‘-®), The 2n? currents are said to be 
product frequency currents, and AI™+® is a set of m? quantities 
arranged in a square. 

4. A set of 4n3 currents AJ‘ ‘+#)'+” arranged in four cubes, each 
having the frequency of the sums or differences of three of the im- 
pressed frequencies. 

5. A set of 8n* currents AJ‘@)(#A)(+7)(£8) and so on. 

Only the sets AJ“ and AJ‘)‘**) are calculated here, giving n + 2n? 
components of current. 

(b) The first set of currents AJ is calculated by the formula 


AI = YOOAEKs 21.18 


where Y“®) ysually is a matrix having only diagonal components, each 
component being calculated for the frequency of the applied voltage; 
hence, in equation 21.18, a = 8. In the most general case, such an 
equality is not necessarily true, however. 

The second set of 2? currents is calculated by the formula 


A[(a)(+8) = M@ (+8) 0 AF AE) 21.19 


COMPOUND SERIES 551 


where usually y = a, and 6 = 8 and M are two four-way matrices. 
Their calculation is shown later. 

The matrix AE,,,AE,s) represents 2m? complex numbers (two 
matrices) formed by all possible products of the components of AE,,), 
forming sum and difference frequency quantities. 

(c) In multiplying two complex numbers AE, = A + 7B and 
AFE2 = C + 7D, each representing a sinusoidal function of different 
frequencies w; and we, the following must be noted: 

1. The product with w: + we frequencies is found by (A + 7B) X 
(C + 7D). 

2. The product with w1 — we frequencies is found by (A + jB) X 
(C — 7D). 

3. The component complex numbers represent square-root-of- 
mean-square values, and the products represent peak values. 

(2d) Equations 21.18 and 21.19 (a 1-matric and a 2-matric equation) 
may be combined as 


Aro as Al°@) (+8) — VOOA K, 4 MBI) A Er AE) 21.20 


representing 2 -+ 2n? equations. Since the components of a 1-matrix 
AI® and a 2-matrix AI@® cannot be added, the various sets of 
currents are kept separate. 


XII. COMPOUND SERIES 


(a2) Assume now that additional sets of voltages with (a + 8), 
(a+ B+ vy) --- frequencies are also impressed across the system. The 
set of 2m? voltages with product frequencies then produces a set of 2? 
currents of the same frequency 


A[(@(+A) = Yes M(t0 AB. 45) 21.21 


where usually y = a, 6 = 8, and the components of Y(+4)((+® are 
calculated at the various product frequencies. The additional currents 
due to the curvature of the E-J curves will not be calculated here. 

The 2-matrix AE,,:438) contains 2n? complex numbers representing 
product frequency impressed voltages, but they are not formed by 
products of fundamental frequency impressed voltages (as are the 
components of AE,,,AE.s)), being independent of them. 

Hence, if both fundamental frequency and product frequency volt- 
ages are impressed, the resultant fundamental and product frequency 
currents are 


AIO 4 AT 4... = YOWAR,, + Malt AK. AEa + +++ 
4 YOsMltD AR. ag foes fees 21.22 
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There is a matric form of Taylor's series for each set of impressed 
voltages, that is, one for AE,a), and another for AE(a):+¢), each set of 
voltages producing an infinite set of currents. Such a series is called a 
compound series. If only fundamental frequency voltages are im- 
pressed, the last term of equation 21.22 drops out. 

(b) Conversely, if both fundamental frequency and product fre- 
quency currents flow, the resultant fundamental frequency and product 
frequency voltages are 


AEw + AE atm + 22+ = Ze Al + Hayes ALMAI® + +++ 
+ Lay (£6) (7) (+ ALOE 4 eee foieee 21.23 


where usually y = a, 5 = B, and e = a. 

(c) The important fact should be noted that the variables AJ are 
not necessarily always arranged in a row to form a 1-matrix A/@, 
Here some of the variables are arranged in squares, AI‘) ‘+, and some 
in cubes. In modern matrix mechanics the variables are arranged in a 
square forming a matrix. 


XT. COMPLEX SERIES IN INVARIANT FORM 


(a) Instead of a crystal detector let a multielectrode tube be con- 
nected to a network containing coils. If across several junction-pairs 
a set of fundamental voltages AE,.) is impressed, then in each circuit 
several sets of currents of various frequencies flow. 

Here two sets of indices must be introduced: (1) open indices 
u, v, w representing the various circuits of the system a, b, ¢, g, p; and 
(2) closed indices (a), (8), (y), representing the various impressed 
frequencies w}, wa, °°* Wn. 

In direct notation the open indices are not shown. With both funda- 
mental and product frequency voltages applied along the various 
circuits, the currents (see equations 21.10 and 21.22) are 


AI + A] ‘@ (+8) fees = YO). AE‘, + 
+ AE w) 0M (@) (+8) (7) (8). AK) -+- ‘203 + 
+ YCa(tA (WED. AB yng fees foes 21.24 


The order of the tensors is the same as in equation 21.10, and the order 
of the closed indices is the same as in equation 21.22. 
In index notation 


Alu +- Al[« (a) (8) + ooo = Yusle) Co) AE ve) +. 
+ Mvewlad (£6) (7) (8) AB, 4) AB: + eee + 
+ Yuva) (£8) 1) (£8) AB 48) Se ee 21.25 
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The order of the ‘‘open”’ indices is the same as in equation 21.10 and 
the order of the ‘‘closed”’ indices as in equation 21.22. 

(b) The open indices have covariant and contravariant meaning, 
but the closed indices have no such signiffcance; hence, for a more 
compact notation, the position of the closed indices may be changed and 
the previous equation may be written 


ALS + Alam tte = YOQ@mAES + MiG ammAbY AEP + --- 
+ Venema Akt” + --- 4 + 21.26 


(c) Instead of writing n? different 2-tensors to represent Y@®, the 
procedure in calculation is to write first one 2-tensor Y, with eech com- 
ponent still containing the closed indices, as A“®; thereby the 
operations represented by the open indices are disposed of, leaving the 
variable closed indices. The closed indices thereafter are assumed to 
vary through their own range, each variable closed index assuming the 
range of fixed indices in succession. 


XIV. SPIN INDICES 


(a) If the components of transformation tensors contain complex 
numbers a + 70, it is advantageous to use spin indices instead of tensor 
indices, that is, indices with bars over some of them. The bars over 
some of the indices also help to keep the correct order in multiplying 
several tensors of various valence. Spinor notation is valid, however, 
only if all complex numbers represent quantities of the same frequency. 

Assuming the open indices as fixed indices and the closed ones as 
variable indices (if in one particular circuit all possible currents are 
considered), each complex number represents a quantity of different 
frequency. Hence, the closed indices cannot be spin indices in the 
present analysis. 

Assuming the closed indices as fixed indices and the open ones as 
variable indices (that is, if the currents of one particular frequency in 
all circuits are considered), each complex number represents a quantity 
of the same frequency. Therefore, the open indices may be considered as 
spin indices. 

In terms of spin indices the tensors hitherto introduced are 


e., 4", Ae;, Mi", Y™", Lin, M seca! Or nk: pmak 


(b) Once the position of the bars in e,, and i” is determined by the 
invariance of é,2™", their position in the other tensors automatically 
follows in the equations by the rule that the two dummy indices must 
be either both barred or both unbarred indices. 
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In terms of spin indices the previous equation becomes 
AI, ss AM a+) + i \ gard Obed + Met yy (8) AES? AEY + eee 
+ Viiceancen degre? + oe + oe: 21.27 


XV. THE INVERSE OF TAYLOR’S SERIES 


In the foregoing sections the different forms of Taylor's series are 
established. In the following sections their inverse is found. 

Since Taylor's series is a power series whose inverse has already 
been established in Section XII, Chapter IJ, for the case of no indices 
and for one set of indices, the calculation is not repeated here. For 
Taylor’s series with one set of indices 


Ae = z-Ai+ Ai-h-Ai | Aex = ZagAi™ + IeingAt"At*  —- 21.28 

the inverse series is by equation 2.34 
Ai = y-Ae + Ae-m-Ae | Ai” = y™Ae, + m™* Ae, Ae, —-2:1.29 
where y=z- | ym = (2am) —! 21.30 
m= —ye(y-h)-y | m™™ = — hay yy" 21.31 


Where a 3-tensor h and a two-tensor y are enclosed in parenthesis as 
(y-h) it will be understood that the free index of h is to be multiplied 
by the second index of y as (y-h) = y™hu;, so that the first index of y 
becomes the free index. It should be noted that in equation 21.31 the 
free index d of h* is multiplied by second index of y™, while the other 
two indices of Aus, are multiplied by the first indices of y™ and y*. 
Spin indices automatically take care of this order of multiplication. 


XVI. INVERSE OF THE COMPLEX SERIES 
(a) Let the voltage equation 
Le (ey + Alay (8) = 2 eye) AVF Ihcay 4:8) (1) oy AV At 
FB (ay (48) (7) (+8) AT FD 21.32 
be given and let its inverse be calculated 
Aw + Aq@(th) — y ©) Aer) + ma) (+B) (1) (3) Ae, Aergy 
y(t) Aer ayy 91.33 


where y and m are unknown functions of z and h. 
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Following the previous steps, let the second equation be substituted 
into the first. Neglecting higher than second-order terms 
Mee + Alcan (8) = Be) (0) V' Mwy + Aya Aye HY OY Aco) Aeryy 
HB (ax) (4:8) (7) (4, 8) 'Y FOO) Neg) Decry +2 ay (8) (7) (£8) POON Al oy (0) 


Equating corresponding coefficients of Ae on both sides of the equation 


(vy) __ 
I Ze) ory” (y) 


(o)(-») __ (-y) (2&6) (eo) (4p) 
I (a) (+8) Za) (Ef) (7) (+8) Y* Ce 


= - Cy) (£8) (o) (v) 
0 = yay (+6) (YO YOO A Seay (4p) (7) (2.89M™ bes 
Solving for y and m 


(a) (B) 


y = inverse of 2(8)(a) 21.34 
| yo) (EB) (1) (£8) = inverse of 2(4)( £9) (a) (+8) | 91.35 


m2) EB) (8) 


aaa Na) ( +v)(e) (oy EBD (0) CE) 61) (eo) (8) 21.36 


where y = a and 6 = 8B. 

(6) Since in Aéue) = 2)()At™ the matrix 2¢)~) usually contains 
only diagonal components (one current producing only one voltage of 
its own frequency), its inverse y“)” is calculated in such cases by taking 
the inverse of each component separately. 

Similarly, since in Aécay(48) = 2 a)(+8)¢y) (48) 4U'Y “*" ~each current 
usually produces only one voltage of its own frequency (since y = a 
and 6 = 8), the inverse of 24)(+8)(7)(48) 18 calculated by taking the 
inverse of each of its components. 


XVII. INVERSE OF THE COMPLEX INVARIANT SERIES 
(a) Let the set of invariant equations 
AC ey + Cayce py = Zee) AT ATM # Bay (8) (78° AI + 
HZ (ary (8) (7) (48) * Alyy (8) 21.37 


be given and let its inverse be calculated 
Ai + Ai (+) — yr» Aer, + Ae, yy) ome) (+8) (Y)() . Aes), + 
fe ¥6O (8) (5). Aer cag) 21.38 


in which y and m are unknown functions of z and h. 
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Substituting the second equation into the first, 
Me) + AC cay +8) = Ze) "V+ A€w) 
+ Ae ee, Vn Wea (£8) (1) (8) 1 YO * Ae) 
+ A€ (6) * (Z cay (8) (4) (8) ° MY FOO") » Aew) 
HZ (ay (£6) (7) (£8) TY MFO” + NC eye) 
Equating corresponding coefficients of Ae 


I 6 = Ze yr” 


(o)(x») __ 
RE = Zoey eon ea yor FO en 
0 = yi eHeay py ay YO + (2 cay (£8) 4) (4.8) *TM EHO) 
Solving for the unknown y and m 
yA) — 271 21.39 
gS P MED = SCs oyna) 21.40 


m (@) (+8) (7) (8) — —yfo™ : (y (2) (+8) (0) (£») 


H(9)(-£»)(€)()) Yo 21.41 


(6) In spinor notation the last equation, by changing the position 
of the closed indices and using spin indices, is 


mnk _ (o)( +v)(e)(w) mh n k 
M (ax) ( +: 8B) (-y) (4) = —hh fe Ya) (4B) (0) (99 (he (8) 21.42 


(c) It should be noted that in the last equation representing the 
most complete invariant form, the same number of base letters occur 
as in equation 2.43 representing the simplest possible scalar form. 


XVI. SIMPLIFICATION IN TUBE CIRCUITS 


In thermionic tube circuits the previous multiple tensors assume 
special forms and the following simplifications may be introduced. 
(a) For a tube without any outside network YO ® and M@ (+8) 
contain only real numbers; hence the closed indices may be removed 
from them, for their components are independent of the frequency of 
the terminal voltages AE. The equations of the tube (or tubes) are then 


A€ca) + A€cayiep) = Z*Ai™ + AiM™-h- Ai® +. z- Aj(a(+A) 21.43 
AI + AI (a) (£6) = Y- AE va) + AE (a)°>M + AE) + ¥° AE (a) +8) 21.44 
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considering them as a mesh or as a junction network respectively. 
As orthogonal networks their equations are analogous. 

The inverse of Y is Z and the inverse of M (from equation 21.31) is 
H = —Z,:(Z-M)-Z. Since Y does not have any closed indices, the 
inverse of M containing Y does not acquire any closed indices by 
multiplication with Y. 

(b) In the impedance and admittance tensors of the outs.2zc network 
all components are zero unless two of the closed indices are identical. 
For instance, Z;a)(g) iS 


arr (2) (n) 


“ofe] EI | Ee] 
2(a)(8) = (2) [ 9 | [xan | | o | 21.45 


i) eco 


Hence for the outside network Z,a)(a) may also be considered as a set 
of n 2-tensors arranged in a row Z,a) 


(a) 
(1) (2) (n) 
wifivit he 


Similarly, y®, the inverse of Zia)(a), may be considered as a set of 
n 2-tensors arranged in a row 


(a) 
(1) (2) (n) 
y) = Zon | cee 21.47 


For the outside network alone M is zero. 

It should be noted that the inverse of Z,a)@) is calculated by finding 
the inverse of each of its component tensors. They, in turn, all have 
identical forms, except for frequencies. 

Also Y((+(™(48)) where y = a and 6 = 8, may be replaced by 
Y‘@)(+8) each component of the two matrices containing Ziite2, all 
having identical form, unless calculated for different product fre- 
quencies. This simpler notation will be used when tubes are connected 
to the network. 
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The equations of the network without tubes are, with fundamental 
and product frequency voltages or currents impressed 


A€ cay + AC (ay (8) = Zap (py * AL + Zaye By (7) (4) * ALY FY 21.48 


AI) 4 ATO@+8) = YO). AK ig + Y0o($8) (48. AB. 43) 21.49 


XIX. INTERCONNECTION OF NON-LINEAR SYSTEMS 


(a) Ina tube circuit two physically different types of structures are 
interconnected, namely: the non-linear network containing one or more 
isolated tubes and the linear network connecting the tubes. Both of 
them may be considered as mesh, junction, or orthogonal networks. 

The interconnection of two non-linear networks, or one linear and 
one non-linear network, follows analogously that of two linear networks 
given in Section XII, Chapter V, for mesh networks and in Section 
XII, Chapter XIV, for junction networks. The steps are: 


1. The geometric objects Y and M (or z and h) of each component 
part are established. Some of them may be zero. 

2. Their respective sums Y= Y!4+ Y?2+--- ard M=Mi+Moe+-::- 
represents the geometric objects of the primitive system. 

3. A transformation tensor C or C,—! is set up showing the manner 
of interconnection of the primitive system into the actual system. The 
terminals of the tubes always form part of the new reference frame. 

4. The new components Y’ ard M’ (or z’ and h’) are found by their 
respective transformation formulae. 

(6) The equations of voltage or current of the resultant system 
(leaving out the primes) are 


Meta) + AC (ay(+6) = Z(aypy* Ai 

HZ cay (8) (7) (#6) ALM (FH 4 Aj of og) 21.50 
AI 4 AToeO) = YOO. AB iy" 

+ YOt0E0. AB. 4) + AE): M-Ey 1.51 


In these equations (where h and M still have no closed indices) it is 
assumed that the terminals of the tube (or tubes) are considered as reference 
axes in which Ai flows or across which AE appears. 

(c) Instead of using the above method to find the equations 21.51 
or 21.50, the first term Y¥‘® may also be established in exactly the same 
manner as shown in Chapter X V, while M of the resultant system is found 
by multiplying M of the tube by A three times, changing, however, only tts 
indices. The free indices of the modulation term refer only to the tube 
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terminals g and p, while the free indices of the amplification term also 
include other junction- pairs. 

(d) For purposes of manipulations they may be subdivided into several 
tensor equations: For instance, in equation 21.51 three types of junc- 
tion-pairs may be introduced: 

1. AE; representing all tube junction-pairs. 

2. AE representing active junction-pairs with known impressed 
voltages. 

3. AE3 representing the remaining inactive junction-pairs. 

In this case equation 21.51 is subdivided into three equations, the 
first one cuntaining a term with M. The elimination of E3 involves 
only the introduction of open-circuit admittauces Y”®, while the 
elumination of the inactive tube junction-pairs E, involves the finding of 
the inverse of a sertes. 

(e) In setting up the equation of voltage as a mesh network it is 
necessary to calculate first the inverse of a series, since z2 and hg of 
the tube are needed in the equation, while the inverse constants 
y2 and tne of the tube are usually known. 

The calculation of the inverse of equations 21.50 and 21.51 or of 
any subdivision of them containing a 3-tensor introduces closed indices 
for the 3-tensor also. 


XX. SOLUTION OF THE EQUATIONS 


(2) The equation of voltage and currents (21.50 and 21.51) may be 
solved for the unknowns (if some of the impressed quantities are 
known) without subdivision. 

For mesh networks in finding the inverse of equation 21.50 the 
inverse of h would be (by equation 21.31) m = —y,:(y-h)-yify = z7! 
would contain no closed indices; but since z contains the closed indices 
(a) (8), the inverse of h 1s by equation 21.41. 


m (+p) = —y. (y(@(+6) py yd) 21.52 
where half the indices of y are dropped according to the simplifications 
of Section XVI. 


Since h is found from the known m by h = —z,°(Z-m)-2, equation 
21.52 becomes in mesh networks 


m ‘@) (+8) (7) (8) —y{”.z) (yo) (+8) -z-m) zoey?) 91.53 


where m is the modulation tensor of the tube before interconnecting 1t to 
the network and m‘@)‘+8(y)® qs tts modulation tensor after the inter- 
connection. Also z 1s the umpedance tensor of the tube alone and y™ 1s 
the admittance tensor of the interconnected system. 
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Hence, for mesh networks the inverse of equation 21.50 ts 


ai + Ai2)(+8) y‘7)). nergy ee Ae) om) (+P). ne’) 91.54 


giving the fundamental frequency and product frequency current changes 
due to fundamental frequency voltage changes A@,a) impressed around the 
meshes. It should be noted that no impressed product frequency 
voltages \e@(a)+(g) are assumed. 

(b) For junction networks the inverse of the known M is, analo- 
gously to equation 21.52, 


Hea) (8) ()(8) = —Ze(y)* (Z (ay (£6) *M) Za) 21.55 


and the equation of voltage is 


AE(a) + SE (a) £8) = Z(a)(y AI + Al + H(ay¢4-6)(y)(a) AL | 21.56 


where AI are the known impressed fundamental frequency currents. 

(c) The multiple tensor m@(4%@® (or rather m(@(+8™(+8) 
contains 424 3-tensors m. Since only those 3-tensors in which a = y 
and # = 6 are not zero, there are 2n” 3-tensors m not equal to zero. 
They can be arranged in two squares each containing m* 3-tensors, 
one giving a + 8, and the other a — 6 frequency currents. Each 
3-tensor contains currents of the same frequency flowing in the various 
circuits. 

If & of the circuits has an impressed voltage vector Aeé;q), each cir- 
cuit containing 7 voltages of different frequencies, each of the possible 
k* products produces 2? product frequency currents in each circuit; 
that is, in each circuit flow 2k? product frequency currents and nk 
fundamental frequency currents. 


XXI. EXAMPLE OF A TRIODE MESH NETWORK 


(a) Let the grid and the plate of a triode be connected in series 
with two coils (Fig. 21.5), and let sets of voltages of various frequencies 
ais ane be impressed in the grid 

ei a gs and the plate meshes. 
In order to find the 
modulation tensor of the 
interconnected system 
by equation 21.53 the 
Fig. 21.5.—Triode Mesh Network following two 2-tensors 
and one 3-tensor have 
tu be established. The admittance tensor y of the interconnected system 


Leg («) Ae p(s) 
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may be found by the method of Section XV, Chapter XV, and z; of 
the tube alone is given in equation 15.55, so that 


= 21.57 


ie. Z,) Det 


1 — -Upkg 


te |e 
1 — upbg 


| >) 
— 
oa 
oo 


where Det = [(r_ + 2g) (tp + 2p) — ZpZettpbte]/(1 — upeg). 


The modulation tensor of the tube m; is given in equation 21.13 as 


v 


g Pb 
P| 4 

mPv = mip = on 21.59 
pir | Ss 


(b) Asa first step, the three product matrices of equation 21.53 are 
established. Replacing (a)(+8) by (w) and leaving the closed indices 
attached to each component of y™, y®, and y 


w 
g 


z:y* = = p 
& | dea + bga| Cea + dga 

(zi-y~)e = eons =s§ 
DP} afa + bhal Cla + dha 
Cut + fut | tad + fied 

y° °Z = = =f 


Pl Sat + Aye | 246 + had 
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Now the value of m is to be found by equation 21.53; that is, by 
m8 = (Z;+y%):-[(y**21) *mi]- (Zi y®) = s+(r-mi)-p 21.60 


(c) The center product r-m,; is 7.4m”. Multiplying the cube of 
m*’ and the square of 7,4 along the u direction as shown in Fig. 21.6 


Fic. 21.6.—Calculation of the Product rz4m“°” 


the product of the first row of r gives 
~ 
4 P 
Kk+Lp | Ki+Lq 


(r-m1), = ~————_|-__—_-———_ 
p| Km+Lr| Kn+Ls 


and the product of the second row of r gives 


Mk+Np| Ml+Nq 
p| Mm-+ Nr| Mn+ Ns 


These two matrices form part of the cube rem;. (The multiplica- 
tion may be performed in ways other than that shown.) 
(d) Each of these matrices should be multiplied by s as 


E(Kk + Lp) + F(Km + Lr) E(Kl + Lq) + F(Kn + Ls) 
p| G(Kk + Lp) + H(Km + Lr) G(Kl + Lq) + H(Kn + Ls) 


E(Mk + Np) + F(Mm + Nr) | E(MI + Nq) + F(Mn + Ns) 


8-(r°m1)> = ee ee Se Sg cm a a 
p| G(Mk + Np) + H(Mm + Nr) | G( Mi + Nq) + H(Mn + Ns) 
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(e) The last two matrices should be multiplied by p as s-(r-m)),:p, 
giving the component matrices of the final cube as 


[E(Kk+Lp)+F Km+Lr)]A + | (E(Kk+Lp)+F(Km+Lr)|B+ 
[E( K+ Lg) +F(Kn+Ls)}C [E(KI+Lq)+F(Kn+ Ls)|D 


(G(Kk+Lp)+H(Km+Lr)JA+ | [G(KR+Lp)H(Km+Lr)|]B+ 
Pi (G(KI4+Lg)+H(Kn+Ls)JC | (G(KI4+Lq)+i(Kn+Ls)|D 


With the aid of this matrix the product frequency components of the 
grid current are Aif = Ae-mé: Ae. 
The other matrix of the cube is 8-(r-m:)p"p = 


g | LEC Mk + Np) + F(Mm-+Nr)\A + | [E(Mk+ Np) + F( Mm-+ Nr)]B+ 


[E(MI+Nq)+F(Mn-+Ns)|C | | [E(MI+Ng)+F(Mn+Ns)]D 


[G(Mk-+Np) +H(Mm+Nr)JA + | (G(Mk-+ Np) +H( Mm +N) B+ 
P| (G(MI+Nq)+H(Mn+Ns)}C | [G(MI+Nq)+H(Mn+Ns)|D 


21.62 


With the aid of this matrix the product frequency components of 
Ai? are found as Ai? = Ae-m?: Ae. 


The last two matrices m* and m? are components of the 3-tensor m 
giving all the product frequency currents (if w = a + B) 


Ai) == Ae (a) * m) (a) ts), Ae (B) 21 .63 


due to the fundamental frequency voltages Aea). 
(f) Evaluating one of the eight components of the 3-tensor m, say 
Mree, the component in the upper left-hand corner of matrix 21.62 


M’ = M(AEkR+A Fm+CEl+CFn) + N(AEp+A Fr+CEq+CFs) 
But 
tebypZ eu TE. 1 La 
Dz Ds Dz 


Y eltyZ pp < V gltpL pa TL ‘i 
Se ee, Ne 
. Dg D,D De. 
where 


D = (1g + 2g) (tp + Zp) — ZoZehoes Z = rt Ziw=atB 
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Hence, one of the eight components is 


1 eipZ gue 1 ot OFg aGe 
Me @® = Sic all tea |z A — vA aL. 
2DaD sD. 4 vB de ee Tiltp Dp po de ee 


2 | 


, OF 
_ MpL ppl pa — — TebyZpaZ pB 3 
Cp 


0€> 


trLiw [ft or aGre 
+ a E Zpakn = ‘ ir (Lil 


2D.DpD. Lr"? de, 
a ar _, OGe 21.64 
= 2 MyZ pad pp ae: — Feb pl na zd 


Each Z is calculated for the frequency of its subscript. If the 
grid voltage is the sum of m voltages of different frequencies, there are 
2n? different components M™)@®, giving 2n° different plate currents 


AiPCatA) — yypeelat6(a(B) Ae. Agog) 21.65 


by allowing a and 8 assume the frequency range 1, 2, --- m (or wi, 
we -*: Wa). In the equation, p and g are fixed open indices. 

(g) When, similarly to equation 21.63, all eight components of m 
are calculated, for each frequency of current in Ai™ = Ai‘+® there 
is a cube. Altogether there are 27° cubes, each cube giving one par- 
ticular product frequency current flowing in all the circuit. All the 
currents given by a cube have the same frequency. 


CHAPTER XXII 


THE ANALYSIS OF NETWORKS 


I. TYPES OF NETWORK PROBLEMS 


(a) The problems that occur in the study of networks may be 
classified under two main headings: 

1. Given a network, the performance of the network is to be found, 
namely the various currents, voltages, powers, impedances, etc., of the 
given network. Such problems occur in ‘network analysis.” 

2. Given the performance of a network, the network itself is to be found. 
For instance, it is to be found what values the network impedances 
must have in order that the network should supply constant currents to 
certain loads. Such problems occur in ‘‘network synthesis.” 

(6) The analysis of networks may involve simple or complicated 
manipulations of the tensor equations depending on the problem at 
hand. Simpler types of manipulations are: 

1. Given a network and certain voltages and currents, find the 
currents, voltages, power, etc., in other parts of the network. 

2. A change is made in some of the currents or voltages or imped- 
ances of the network. Find the changes in various parts of the network. 

More complicated manipulations are: 

3. The changes are made so that the response of the network at 
some mesh or junction-pair is a maximum or minimum. For instance, 
some impedances may be varied so that the power output to certain 
loads should be a maximum. 

4. The changes to be made depend on the knowledge of the 
unknown results to be attained. 

Even though in many problems the manipulation of geometric 
objects is easily performed, the solution of the equations may become 
unwieldy or impossible, and-approximate or step-by-step solutions 
have to be resorted to. Such cases occur for instance when the absolute 
value or the phase angle of the voltages, currents, or impedances plays 
a part in the analysis. 

All networks will be assumed to be active and asymmetrical, hence they 
may include multielectrode tubes, rotating electrical machines, and 
other linear electrical and mechanical networks. 
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(c) The great advantage of formulating and solving (tf possible) 
network problems in terms of tensor equations is that it 1s possible to 
analyze each type of problem once and for all, irrespective of the number of 
meshes or junction-pairs and irrespective of the manner of interconnection 
of the cotls or their mode of excitation. The analysts needs to be performed 
only once and then the final answer may be used for any particular case in 
a routine automatic manner. 

With the ordinary method of analysis both the setting up of the 
equations and the whole method of analysis have to be repeated for 
every single example that may come up in engineering practice. Since 
in ordinary analysis the large number of coils, the great variety of 
interconnections and hypothetical reference axes obscure the problem, 
quite often a different method of reasoning is required even for each 
particular example. In many instances the analysis simply breaks 
down after the first few steps because of mechanical difficulties in 
handling large numbers of equations. 


Il. A METHOD OF ATTACK 


(a) The problems of network analysis may be formulated as: Given 
a network, find tts performance. Since there is an innumerable variety of 
problems that may arise in network analysis, it is impossible to give 
general methods of attack. In many problems the following steps 
may be taken: 

1. It is determined whether the network is to be considered a mesh, 
or a junction, or a complete network. 

2. The equation of performance of the network is set up. 

3. It is determined how many types of meshes and junction-pairs 
exist, those of the same type performing identical functions. 

4. The equation of performance is divided into as many invariant 
equations as there are types of meshes and junction-pairs, as shown in 
equations 19.1 to 19.6. 

5. The set of tensor equations 1s manipulated analogously to ordinary 
equations according to the requirement of the problem. 

6. The unknowns, if there are any, are solved for by exact or 
approximate methods. 

(6b) In the analysis of compound orthogonal networks it should be 
remembered that: 

1. In setting up the compound z: (I) the presence of inactive 
compound junction-pairs is simply ignored; (II) the inactive compound 
meshes are eliminated by the reduction formulas of Chapter X. 

2. In setting up the compound Y: (I) the presence of inactive 


ANALYSIS OF 2-NETWORKS 567 


compound meshes is simply ignored; (II) the inactive compound 
junction-pairs are eliminated by the reduction formulas of Chapter X. 

Hence, by ignoring or eliminating inactive meshes and junction-pairs, 
the analysis of networks may be performed in terms of active meshes and 
active junction-patrs only. 

(c) Two types of problems will be worked out as examples of this 
method of attack: 

1. Given an impressed quantity, find the response. 

2. Given a change, find the response. 

During the analysts 1t will usually be found that at the must only as 
many inverse matrices have to be calculated as there ure types of meshes 
and junction-pairs. Also each matrix will contain only as many rows and 
columns as the number of axes contained in the corresponding mesh or 
junction-patr group. 

It 1s emthasized that each type of mesh or junction-pair may contain 
any number of individual meshes or junction-patrs. 

In the manipulation of the equations it must constantly be remem- 
bered that even as an intermediate step the inverse of only a square 
2-tensor can be used. They are usually only the diagonal components 
of a compound 2-tensor. 
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(2) Given the input E; and the output FP, find the input current I! 
and the difference of potential E2 across the load. 

The junction-pairs of the network are of three types: (1) input, 
(2) output, (3) inactive, the last comprising all the remaining junction- 
pairs, as shown in Fig. 22.1a. If the inactive junction-pairs are elimin- 


I’ I? 
Given:€,,1* 
C2 Find: 1°, €2 E E, 
(a) Given junction network (b) Reduced network 
(3 junction-pairs) (2 junction-pairs) 
Fic. 22.1 


ated from the equation of current by the method of Section IX, 
Chapter X, only the input and output junction-pairs remain, shown in 
Fig. 22.16, whose equation is given in equation 19.2 as 


Ii = Y!!.E, — Y!4-Ep 


[2 = y21 Ei mo Y?2.E> 
The primes are left out. 


22.1 
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(b) The load voltage Eo is found from the second equation as 


| E, = Y*-!.(y?!.E, — I’) | 22.2 


by calculating the inverse of a tensor Y-" having as many rows and 
columns as there are load axes. 
The input current I’ is found by substituting Ez into the first 
equation. 
I! = y".B — y®.y2-1.(y1.E, — 2) 


Ji=cyl—yl?.y22-l.y2l) BE, 4yl.y-2-1.p 22.3 


IV. OPEN-CIRCUIT VOLTAGES 


(a) Given again the input E; and the output I’, find the difference 
of potentials E3 appearing across several (not all) of the remaining 
junction-pairs. 

There are four types of junction-pairs as shown in Fig. 22.2a: 
(1) input, (2) output, (3) open-circuit terminals, (4) inactive. The 


Given:E,,I° 
E, 


Find: Ee; 


(a) Given junction network (6) Reduced network 
(4 junction-pairs) (3 junction-pairs) 
Fic. 22.2 


compound network must have consequently four junction-pairs (or 
five junctions). 

The equation of current I = Y-E of the junction network is to be 
divided into four equations. If the inactive equation is not eliminated, 
the four equations are: 


I! = Y!".E, — Y!2.E, — Y!3-E3 — Y"4-Ey 
J? = Y2!.E, — Y?2.E, — Y23.E; — ¥24-Ey 
O = Y31.E, — Y32.E, — Y33.E; — Y¥34.E, 
0 = Y4!.E, — Y42.E, — Y¥43.E; — Y#+-Ey 


All the diagonal tensors Y!!, ¥22, Y35, and Y** have square matrices, 
and their inverse can be calculated. 
The problem is to find Eg if E; and Iz are known. 
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(6) The first step is to eliminate the inactive E, from the last 
equation. 


E, = Y‘4-1.(Y¥41.E, — Y#2-E, — Y#!-E5) 
Substituting into the remaining equations 
Ji = (Y!! — yi4.y44 ley4l).B, — (y!2 — yit.ytl ley). By 
— (Ys — yu4.ya 1.¥48) Ey 
I2 = (Y2! — y24.y44-1.y41).B, — (y22 — y2t.yt! 1. yi2). By 
— (Y23 — yet.y'! 1.y4).B, 9 22.5 
O = (Y?) — Y34.y44~-1.y41).B, — (¥32 — 34. yi-1.Y42,.Eo 
— (¥33 — yst.y'! 1, 43).B, 
If so desired they may be replaced by 
I! = Y!l'.B, — Y!2’.E) — Y!3’.B 
I? = Y?2!’.E, — Y*?’-Ey — Y°8’-Es 22.6 
0 = Y3!’.K, — Y32’-E. — Y33’.E; 
represented by an equivalent double-x network with three junction-pairs 
as shown in Fig. 22.20. The primed admittances represent the self- 
and mutual admittances of the first three junction-pairs measured 
with the fourth junction-pair open-circuited, analogously to the admit- 
tances of equation 22.1. 


(c) In the last set of equations E; and I? are known and Ez is to 
be found. Finding Ee from the second equation as 


Eo = Y22’-1.(¥21’.R, — Y23’-E3 — FP) 
and substituting it into the third equation 
QO = Y3!’.B, — Y32’. y22’-1.(y2!’.E, — Y23’.E; — I?) — Y33’-E 


an equation is found containing only the known E; and I? and the 
unknown E3._ Rearranging 


0 = (y3!’ wets 32’. y22’- 1, Y21’) By “us (Y83" ae Y32’.y22’- 1. ¥28’) Es 
4 ¥32', y22’-1.72 
Solving for the unknown E3 
E; = (¥33" — y32’. y22’—1. y23’)-1.;(y3i’ — y32". y22’-1.y21').E, 
+- Y32’, y22’ a -I?] 22.7 
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(d) In the calculation of E3 three inverse matrices have to be 
calculated: 

1. First the inverse of Y4*, containing as many rows and columns 
as there are inactive junction-pairs (E4). 

2. Then the inverse of Y?2’ = Y22 — Y2+.Y*#4-!.Y42, containing as 
many rows and columns as Y?? has, that is as many as there are load 
junction-pairs. 

3. Finally the inverse of Y#3’ — Y82’. Y22’-1. y23’, having as many 
rows and columns as Y33’ = Y33 — Y34. y44—1. y43 or Y33 has, that is, 
as many as the number of open-circuited terminals. 


V. MESH CURRENTS IN AN ORTHOGONAL NETWORK 


(2) As an example of a problem involving an orthogonal network, 
assume that the current I’ flowing through some (not all) of the 
junction-pairs of a network into outside loads are known as shown in 
Fig. 22.3a. Find all the mesh-currents i”. 


Given: 1! 
Find st” 
(a) Given orthogonal network (6) Ignoring inactive 
(1 mesh, 2 junction-pairs) junction-pair 
Fic. 22.3 


Since the voltages do not play any part, the equation of voltage 
E + e = z-(i + I) is set up, containing as many equations as the total 
number of meshes and the number of needed junction-pairs. In the 
present case the number of known currents I is the same as the number 
of needed junction-pairs. 

The orthogonal equations of voltage may be expressed from equa- 
tion 19.3 as 


0 = Zmm*i™ —_ Zmj°l? 
22.8 
E; = Zjmei™ — 2;;°T? 


since no impressed coil voltages e,, are assumed. In these equations 
I‘ are known and i* (and E;) are unknown. The unknown mesh currents 
i” are found from the first equation 


22.9 


The matrix of Zm»= whose inverse has to be calculated has as many 
rows and columns as the number of meshes. A numerical example has 
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been worked out in Section XI, Chapter XVI, containing also impressed 
mesh voltages en. 

(6) Instead of I let E be assumed to be known as shown in Fig. 22.4, 
and let some (not all) of the mesh currents i* be found. In that case 
the equation of current i+ I= Y-(E + e) is set up, containing as 
many equations as the total number of junction-pairs and the number 


Given:E; 
Find :t™ 
(a) Given orthogonal network (6) Ignoring active mesh 
(2 meshes, 1 junction-puair) in setting up Y 
Fic, 22.4 


of needed meshes. (If only a few mesh currents i” are to be calculated 
then the number of needed meshes is less than the number of total 
meshes.) In setting up Y the inactive meshes may be ignored; only the 
needed meshes are to be considered. 

The orthogonal equations of currents are from equation 19.5 (where 
en =e; =I" =17p =E, = 0 


i™ = Y”-E; 
J? = Y”-E, 


22.10 


The currents 1” are found without calculating any inverse matrices. 

(c) Again let I flowing through some of the junction-pairs be known 
and let only some of the mesh currents iw be calculated. Now the 
meshes are to be divided into two types, while of the junction-pairs 
only the meeded ones are used as shown in Fig. 22.5. 


Given I 
Find: t 
(a) Given orthogonal network (Db) Ignoring inactive 
(2 meshes, 2 junction-pairs) junction-pair 
Fic. 22.5 


Hence in the orthogonal equation of voltage the first equation 
(representing the mesh axes) is divided into two equations as 


Zm,mi™ +- Zina we Zm,i,1" =0 = Z1°1! + Z12°1? — Zi3°L 


Zo1°i! + Ze2°i? — Z23°l 22.11 


Z mgm sm Zmgm;i™ - Zmq21'1 =0 


Zaici! + Z32°i? — Z33°1 


Zimi™ + Zim — Ziil = E 
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where i! represents those mesh currents about which knowledge is 
needed, i? the remaining mesh currents, and I® the junction-pair cur- 
rents as shown in Fig. 22.55. In these equations I? is known and i! is 
to be calculated (E3 is unknown). 


Eliminating i? from the second equation 
i? = Zo0~!+(Ze3°I? — Za1°i!) 22.12 
Substituting into the first equation 
O = Zi1°i! + Z12°Zo0—!+(Ze3°I? — Zarei!) — 213-1° 
Rearranging 
(Zi. — Zj2°Zee~!+Za1) ei! = (Zig — Z12°Z22—! +Za3) I? 


From this the mesh-currents i) are in terms of the juuction currents I3 


22.13 


The two inverse matrices to be calculated have as many rows as 
the number of inactive and active meshes respectively. 

The currents i? in the inactive meshes may be calculated by equa- 
tion 22.12, and the differences of potentials E across the junction-pairs 
may be calculated by substituting the values of i! and i? into the third 
equation of 22.11. 


VI. TRIODE CIRCUITS 


(a) It was shown in Section XVII, Chapter XV, that a triode may 
be replaced by a single plate coil with impedance 7, in series with an 
impressed voltage up,F,, where £, is the difference of potential appear- 
ing between the grid and the filament. Hence when the grid coil is 
eliminated and the number of meshes is reduced by one, its place is 
taken by a junction-pair. With several tubes several meshes are 
eliminated, their place being taken by the same number of junction- 
pairs. 

In replacing the grid coil by u,£, the number of equations to be set 
up is not decreased since a mesh network is replaced by an orthogonal 
network. However, the rank of the matrix whose inverse has to be cal- 
culated 1s decreased. The rank of this matrix is the same as the number 
of meshes. 

(b) Considering the orthogonal network of Fig. 22.6, its impedance 
tensor Z is calculated by temporarily short-circuiting the grid junction- 
pairs. All the other junction-pairs are inactive, and in setting up z 
their presence may be ignored. 
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After z of the actual network as an orthogonal network has been 
established, its meshes may be divided into two types, those containing 
yw, and the remaining ones. Hence its compound orthogonal network 
has two meshes and one junction-pair as shown in Fig. 22.6, and its 
equation of voltage is 


Qe, = Z3,°1! + 212-1" Ey 
p-E, = Zari! + Zeeei? 22.14 


—E, = 231i! + Z32°i? 


Given 72, 
Bes Fring :2L 


; : ; : : Fic. 22.6.—Tube Network as an 
the junction-pair current I* being Orthogonal Network 


zero. 

It should be noted that there are two impressed mesh voltages, e: 
and p-E, (where » has a diagonal matrix), but only one of them is 
known, namely e:. The other is a function of the difference of potential 
— E, appearing across the compound junction-pair. 

(c) E, may be eliminated by substituting the third equation into 
the second as 

—p+(Z3)°i! + Z30°17) = Zorei! + Z22°i? 


(eeZ3i + Zoi)°i! + (PeZa2 + Z22) +i? = 0 
Hence the remaining two equations are 
@;) = Z11¢1! + 22-1" 


0 


22.15 


Zy,°i! + Z32°i? 
where 
Zo, = peeZg1 + Zo1 and Zr = Pozzo + Zaz 22.16 


In these two tensor equations the grid junction-pairs are not 
present. The second equation represents the plate meshes, the first 
equation the remaining meshes, some of them having impressed 
voltages. 

From this point the analysis is the same as that of any other com- 
pound mesh-network. The meshes represented by the first equation 
of 22.14 may be further subdivided into those containing impressed 
voltages and those that do not, or it may be subdivided into input, 
output, and inactive meshes, or in any other manner. 


VII. GENERAL CIRCUIT PARAMETERS 


(a) In transmission-line problems it often occurs that the input 
quantities E, and I! (or e; and i!) are known while the output quan- 
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tities Ez and I? (or ee and i?) are unknown. The transmission system 


will be assumed as a junction network. 


In the present problem there are three types of junction-pairs: 
(1) input, (2) output, (3) inactive (Fig. 22.7). Eliminating the inactive 


l' 
Given:€,,1' 
; Ee, E2 
Find : €,,?? 
(a) Given junction network (b) Reduced network 
(3 junction-pairs) (2 junction-pairs) 


Fic. 22.7 


axes by the method of Section [X, Chapter X, the equations of the 


input and output junction-pairs (Fig. 22.75) are 
I} = Y11.E, — Y!2-Eo In = Y™E, — YE, 
I? = Y2!.E—, — Y22-Ep Iv = Y"f, — YE, 


where E; and I! are known, E2 and I? are unknown. 
(b) Eliminating E2 from the second equation 


E, = Y?2-1.(Y21.E, — I?) 
Substituting into the first equation 


I! _— Y!!.K, a Y12. ¥22-1.(y2!.E, toe I?) 
Rearranging 


I} = (YM — yi2.y22-1.y21).B, 4 yl2.y22-1.72 
In the last equation the unknown is I*. Solving for it 

[2 = Y22.yi2-1.7g1 — (yl — yi2.y22-1. y21).5,] 

[2 = Y22.y!2-1.y1 — y22.yl2-1.yil.B, 4 y21.E, 


Hence the output current in terms of the input quantities is 


22.17 


22.18 


22.19 


22.20 


Since the inverse of Y!* has to be calculated, Y!? is a square tensor 
only af the number of the assumed input and output junction-pairs ts equal. 
When the compound input and output terminals have different 
number of junction-pairs, equation 22.20 represents for any particular 
network a set of ordinary linear equations in which the number of 
unknowns (the components of I?) is smaller or larger than the num- 
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ber of equations (the components of I'). Such linear equations may 
be solved with the method shown in Section XVI, Chapter X. 

Substituting the above value of I? into equation 22.18, the value of 
Ez is 


E, = Y22-1.y21.B, — ¥22-1.(y2! — y22.yl2-1.yll).B, — yl2-1.y 


Hence the output voltage in terms of the input quantities is 


E2 rae y?2-l.yl.F, wn yi2-1,y1 22.271 


The above two equations may be written as 
Eo = A-E; + B-I! Ey = Ay"En + Banl™ 


22.22 
I?=C-E,+ D-P f= Ck + Dd 


where the coefficients of the output quantities are called ‘‘general circuit 
parameters,'’ defined as 


A = Yi2-1.¥11 A,™ a ZLumY™ 
B= —Y!2-1 Bum = —Zam 22.23 
C eee Y2l ae y22.yi2-!.yill Cum = Yum — Y""Z5,Y"™ 


D = Y?2.Y!2-1 Dim = Y“"Lom 


It should be especially noted that each general circuit parameter 
has its indices in different positions. 

(c) These parameters are not independent of one another if the 
network is symmetrical. Then Y!2 = Y?', also ¥!! = Y}" and 


A-D,—B-C,= Y!2~-1.¥11. y2-!.y224. yi2-1 (Weta viy ye) 


= Y!2~1, y?! —J = unit tensor 


| A-D, — B-C; = r| | Au™Dy” — BumC™ = 34 | 22.24 


With the aid of these equations the output quantities may be found 
by measurements made at the input. 


For a mesh network similar relations may be derived with z instead 
of Y. 


That is 


VIII. DISTRIBUTION NETWORKS 


(a) In a distribution network a set of junction-pairs is always 
kept at a constant difference of potential E by means of voltage regu- 


ators. Or rather the absolute value VE + E? of each component 
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E, + jE2 of E remains constant while other quantities vary. The 
corresponding I is zero. 

As a simple example of a distribution network problem, let the 
junction-pairs be divided into three sets as shown in Fig. 22.8. 

1. One set contains the 
generators E;. The absolute 
value of each component of 


Givens¢ Es, I E2| 


Es Find: ¢ E2,1€ ‘ f 
ind: ¥ Ex, lest E; is unknown, but their 

Fic. 22.8.—Distribution Network phase angles are known. _ 
(3 junction-pairs) 2. The other set contains 


the voltage regulators Eo. 
The absolute value of each component of Ez is known and _ their 
phase angles are unknown. 
3. The remaining junction-pairs with a difference of potential E3 
are inactive. 
The equation of current of the junction network I = Y-E is divided 
into three tensor equations as 


J} = YU.E, — Y!2.E, — Y3.E3 
0 = Y?!-E, — Y??-E. — Y23-Eg 22.25 
0 = Y?!-E, — Y32-E, — Y33.E3 


I 


(b) Eliminating the inactive E3 from the third equation 
E; = Y33-1.(Y3!.E, — Y32.Eo) 
Substituting it into the second equation 
O = Y?!.E, — Y22-E, — Y23.¥33-1.(Y31.E, — Y32.Eo) 


Rearranging, the following relation exists between the generator voltage 
E, and the regulator voltage Ee 


(y2! — y?8. y88-1.y3l)., = (y?? — y8. y53—-1. ys?) Ep 22.26 


The matrix of Y?? is a square matrix, similarly Y2? — ¥23- Y33—1. Y32. 
Solving for Ee 


Ey = (Y" — y*3. y2—-1, y82) -1,(y2l _ y28, yas—-1, ysl). F, 22.27 


E, = Y??’-!. y2l’.B, =Y5!-Ey 22.28 


representing a relation between the generator voltage E,; and the 
regulator voltages Eo. Zhe unknowns are the absolute value of E; and 
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the phase angle of Eo. The matrix of Y2! has as many columns as there 
are voltage regulators and as many rows as there are generators. 
Exact method of solution of such equations is not undertaken in these 
pages. 

(c) Approximate solutions may be found in special cases. For 
instance: 

1. Let the number of generators be the same as the number of 
regulators. 

2. Let all generators and all voltage regulators be in phase. 

Then since the components of E; and Es are real numbers, equation 
22.28 may be solved by using only the real part of Ys', namely Y', where 
Y,' = Y" + 7Y' so that the equation Ez, - Y’-E;, may be solved as 


giving the unknown generated voltages |E | 

(d) If it is assumed that the generated voltages only are in phase 
(E; = E),) then the real and imaginary components of Ey = Es, + jEs; 
may be found by successive approximations if the absolute value of each 
of their components is known. 

That is, if E; has only real values, then equation 22.28 may be 
written as 

Eo, 


Ey; 


Y’-E), 
y:- -Ei, 


l 


22.30 


I! 


Now the following steps are made: 

1. Assuming the absolute value of each component of Ez to be 
equal to its real component in Ey,, the first equation gives En. 

2. Substituting E), into the second equation gives the imaginary 
components of Ex. 

3. The absolute value of each component of Ez and their imaginary 
component being known, from the equations (Z)* = (/,)? + (&,)?, the 
real value of each component of Ey, may be calculated. 

The more correct values of Es, being known, the above steps may 
be repeated several times, each time getting more correct results for 
Ee, and Eo;. 

The generator currents I' are found by substituting the values of 
E,, Ez, and E3 (given in equation 22.29) into the first equation of 
equation 22.25. 
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IX. CHANGES IN ELECTRICAL QUANTITIES 


(a) When the currents and voltages in a network are subjeeted to 
changes AE and AI, because of the linearity of the system each 1m- 
pressed change produces its own response change irrespective of the 
presence of E and I at the instant of change. This may be seen from 
the reasoning in the case of a mesh network, whose equation of voltage 
before the change is 

e = Zi 


Changing e to e + Ae andi toi + Ai (leaving z unchanged), the 
equation of voltage after the change is 


e-+ Ae = z-(i + Ai) 


Subtracting the original equation e = z-i, the equation of voltage 
change is 
Ae = z-Ai 


That is, similar equations apply in the presence of Ae, AE, Ai, and 
AI as in the presence of e, E, i, and I. Hence, the following equations 
are used for the study of changes tf the network itself remains unchanged: 


Epa) =F aD 
apa) = YR bao) 


22.31 


(b) In the presence of several types of meshes and junction-pairs 
the resultant equations are divided into several tensor equations, analo- 
gously to equations 19.1-19.6. For instance, Ae = z: Ai is divided into 


Ae, = 231° Ai! + Z32° Ai? + 233+ Ai? + «+- 
A@2 = 221° Ai! + Zeo* Ai? + Zo3° Ai? + «ec. 22.32 
Aez = Z31° Ai! + Z32° Ai? + 233° Ai? + --- 


(c) The changes may be any amount, large or small. A change, say 
AE, may consist of reducing some of the components of E to zero. 

In non-linear networks, as in multielectrode tube circuits, the 
changes AE and AI may assume only small values. 
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X. CHANGE IN A 7-NETWORK 


(a) Let a network with three types of junction-pairs be given: 
(1) input, (2) output, (3) inactive, as shown in Fig. 22.9a, and let two 
types of changes be analyzed: 


Givental’,a€; 


a E, E, 
Find -a€,,4Fr 
(2) Given junction network (b) Reduced network 
(3 junction-pairs) Fic. 22.9 (2 junction-pairs) 


1. Let the load vary. As a result the load current I? changes by a 
value AI?, while the impressed voltage E; remains constant. The 
problem is to find how much the voltage across the load Ee and the 
input current I) change. 

Eliminating the inactive axes AE3 the equation of the equivalent 
x of Fig. 22.90 is 

AI! = Y!!.AE, — Y!2-AEo 


AI? = Y?!-AE; — Y??- AEs 


22.33 


Since the impressed voltage E; does not change AE, = 0 and the 
above equations become 
AI! = —Y!2. AE, 


AI? = —Y22. AE, 


From the second equation the change in the load terminal voltage is 


Substituting AE» into the first equation of equation 22.33 the change 


an the input current 1s 
| AI! = Y??.y22-1. ar | 22.35 


2. Again let the load vary, and now let the input voltage E; vary 
by AE; and let the load voltage Ez be maintained constant (AE2 = 0). 
Then equation 22.33 may be written as 


Given taE; , 4&2 
22.37 Ey Es Find talial? 


giving the current changes Fic. 22.10.—Given junction network 
immediately. (2 junction-pairs) 
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This last problem may be formulated by asking how much value 
AE, should have in order to maintain Ez constant for a given AI?. 
That is, in the last equation let 
AE, be unknown and AI? be 
known (Fig. 22.11). 

If the number of input and 
Fic. 22.11.—Given junction network Output terminals is the same, Y?! 

(2 junction-pairs) issquare, and the necessary change 
in the impressed voltage is 


for a given change in load current in order to maintain the voltages 
across the load (Ez) constant. 

If the number of input and output terminals is different, the method 
of Section XVI, Chapter X, should be followed. 


1° 


Given :al’, aE; 


E2 Find: aE, 


XI. CHANGE IN THE OPEN-CIRCUIT VOLTAGES 


(2) Let the load current vary by AI? while the input voltage E; 
remains constant. What is the change AE3 across part of the inactive 
junction-pairs? 

There are four types of junction-pairs as shown in Fig. 22.12«. 
Eliminating the inactive Ey, three types of junction-pairs remain, 


Given: al’, aE; 
Find ry. ar 


(a) Given junction network (b) Reduced net work 
(4 junction-pairs) (3 junction -pairs) 
Fic. 22.12 


Fig. 22.125, whose equation is given in equation 22.6. Leaving out 
the primes, the same equations for changes are 


Al! = Y'!. AE, — Y!2. AEs — Y!3- AEs 
AI- = Y2!-AE, — ¥22-A\E. — Y2"- AE, 22.39 
0 = Y3!.\E, — Y32- AE, — Y*}. AB, 


(b) In these equations AI? is given and AE; = 0. The problem is 
to find AEs in terms of AI?. 
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Putting AE; = 0 
AI' = —Y¥!2.AEo — Y!3-AEs 
AI? = —Y°"- AE. — Y°3- AEs 22.40 
0 = —Y3?-AE, — Y23- AE, 
Finding AE» from the second equation 
AEy = — Y-""!-(Y¥"3- AEs + AI’) 
Substituting into the third equation 


Oo = Y32.y22--1.(Y28. AK, +. AI”) ee Y33. AE; 
Rearranging 


(y33 — Yy32.Y22 16Y23). AE, = Y32.y22--1. Ay? 


Hence the change in the open-circuit voltage due to a change of 
load current AI? is 


22.41 


XII. GENERALIZATIONS OF THE ‘‘COMPENSATION THEOREM” 


(a) In the previous sections the electrical quantities were changed 
while the network itself remained unchanged. (Of course the load 
supplied by the network may have changed.) Vow let the 1m pedances 
z or admittances Y of some or all of the coils also change to z + Az or 
Y + AY, without, however, changing the number or manner of tntercon- 
nection of the coils. For instance, the self-impedances of some o! the 
coils may change or the mutual inductances between coils, etc. 

Considering the equation of voltage of a complete network before 
the change 

Et+e=z(i+D 22.42 


let z change to z + Az, and also let all electrical quantities change. 
After the change their equation is 


(E + AE) + (e + Ae) = (z+ Az)-(Gi + Ait) + (I+ AD] = 22.43 
Subtracting the original equation 22.42 
AE + Ae = (z + Az)-(Ai+ AD + Azi+ 1D 22.44 


so that the equation of voltage change 1s 


22.45 
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That is, 4f the ampedance z of a network 1s changed by Az, the change 
of impedance 1s equivalent to impressing on the new system a voltage 
equal to — Az-(i + I), where (i + I) are the total currents flowing in the 
system before the change. 

If the impressed voltages E + e do not change, the last equation 
becomes 

—Az-(i+ I) = (z + Az)-(Ai + Al) 22.46 


showing that all current changes are due to this apparent additional 
impressed voltage. In a mesh network with no impressed current I 
equation 22.45 becomes 


(6) Similar reasoning applies to the equation of current of a com- 
plete network in which also the admittances change by AY. The 
equation of current change 1s 


(Ai + AI) — AY-(@ +e) = (Y + AY)-(4E + de) 22.48 


In a junction network with no impressed e the above equation 


becomes 


giving the apparent additional impressed current as — AY-E. 

Equations 22.45 and 22.48 are generalizations of the so-called 
‘compensation theorem’ which states that a single impedance change 
Az is equivalent to impressing a voltage — Azz, where 7 is the current 
flowing through z before the change. 

(c) Each of the above tensor equations of change may be subdivided 
anto as many tensor equations as there are types of meshes and junction- 
patrs. The network change Az or AY usually occurs only in one type of 
mesh or junction-pair, hence usually only one of the equations contains 
Az or AY, while the others contain only z or Y and, of course, Ai AE, etc. 

For instance, in a mesh network with three types of meshes, in 
which only z33 changes to Z3g3 + AzZ33, equation 22.47 becomes 


Ae; = 231° Ai! + 239° Ai? + 213+ Ai? 
Aez = 221° Ai! + Zoe° Ai? + Zo3° Ai? 22.50 
— Az33°i? + Aes = 231° Ai! + Z32° Ai? + (Z33 + 233) ° Ai® 


It should be noted that the amount of change Az and Ai, etc., may be 
any amount, large or small. 
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XI. CHANGE OF IMPEDANCE 


(a) As a simple example let a compound two-mesh network of Fig. 
22.13a be given, whose equation of voltage is 


Q, = Z31°i! + Z12°i? 


22.51 
€2 = Z21°i! + Ze2-i? 
Let the impedance Zg2 change by Azgz, as shown in Fig. 22.130, 
while the impressed voltages e; and ez remain constant. The changes 
in currents Ai! and Ai? are to be found. 


pe td ‘ vie 7 © 
: ° C2 Given oY i @2 
21g a Findia@ at “9 - 4Z.22 


(a) Given mesh network (b) Addition of AZo 
(2 meshes) Fic. 22.13 


The equation of voltage change of a mesh network 22.45 without 
I and Ae, | 


— Az+i = (z + Az)-Ai 22.52 
is divided into two component equations as 
O = 231° Ai! + 210° Ai? 22.53 


— AZoo°i? = Zari! + (Zoe + Azo2)> Ai? 
Eliminating Ai! from the first equation 
Ai! = —2z7,'+z12- Ai? 22.54 
and substituting into the second equation 
— Azo2*i? = — Z91+2);'+Z12* Ai? + (z22 + Az22)+ Ai? 


the change of currents in the changed impedances is 


22.55 


Substituting Ai? into equation 22.54, the remaining current changes are 
Ai! = Zi1°°Z12 *(Zo2 + Azee — Za Zi °Z12)~!+ Azoa oi? 22.56 


(b) The value of i? needed in the calculation of Aig is found from 
equation 22.51 
il = Zin (ex — 2 2°i?) 
@o = Zo1°Zi.* (e1 — 22°17) + Z29°i? 22.57 


i2 = (zoo — 2Z21°Z\)'°Z12) ~!*(@2 — Za1°Zit° et) 
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If this value of i? is substituted into equation 22.55, then Ai? zs found 
in terms of the impressed voltages e, and e2 and the impedance change 
AZeo2 as 


Ai? = — (Aze2 + Ze2 — Z21°Zi1 *Z12) 1+ AZee 
°(Z22 — Z21°Zi1_°Z12) —1. (eg = Z91°Zi1-*€1) 22.58 
Ai? = — (Azo2 + 229) 1. Azoo+Zo9 |*€5 


XIV. LOAD VOLTAGES AND CURRENTS UNCHANGED 


(a) Let a junction network have four types of junction-pairs: 
(1) input, (2) output, (3) load, where the admittances Y change by 
AY, (4) the remaining inactive junction-pairs, as shown in Fig. 22.14. 


Given a¥ °3 a E,, ol? 
,Find oE, 


(6) Reduced network (3 junction-pairs) 
Fic. 22.14 


If the inactive junction-pairs are eliminated, the equations of current 
of the three junction-pairs are 


I! = Y'.E, — Y!2.B, — Y!'3.B, 
I? = Y?!.E, — Y?2-E. — Y?3-E3 22.59 
0 = Y3!.E, — Y32-E. — Y33-E3 


In these equations E; and Ee (or I?) may be assumed to be known. 
(6) Let it be assumed now that: 


1. Y%3 is changed to Y*3 + AY?3. 

2. The irput terminal voltage E, is changed to E; + AE), so that 

3. The load voltage Ez and the load current I? should not change, 
that is, AE2 = 0 and AI? = 0. 

The problem is to find how much should AE} be changed for a given 
AY*3 in order to keep AEo = 0 and AI? = 0. 


THE FLOW OF POWER INTO LOADS 585 


(c) The equation of current change 
AI — AY-E = (Y¥ + AY)-AE 22.60 
can be divided into three component equations 
AI! = Y!!.AE, — Y!3- AEs; 
0 = Y?!-AE, — Y*3. AE3 22.61 
AY*3.E3 = Y3!. AE; — (¥33 + AY3")-AE3 


where AE, has to be found in terms of Es, whose value is assumed to 
be known from equation 22.59. 


Eliminating AE3 from the third equation 
AE3 = (Y°3 + AY#3)~!'.(¥3!. AE) — AY%3-E3) 
Substituting it into the second equation 
O = Y?!-AE, — Y23-(Y¥33 + AY33) -!.(Y¥3!-AE, — AY33-Es3) 
O = [Y2! — y23.(¥33 4+ AY3#)-1. 31]. AK, 
+ ¥23.(¥33 4+ AY33)—1. AY93.Es 22.62 


Hence for a given AY*® the change in the applied terminal voltage E, is 


where Ez is calculated from equation 22.59 in terms of the known E; 
and Ee (or I’). 

While the matrix of Y*? is square, the mairix of Y*'! in general :s nol 
square, hence the matrix in the bracket is not square either. They are 
square only if the same number of input and output junction-pairs are 
assumed. 

When the matrix of Y?! is not square, equation 22.62 represents in 
any reference frame a set of ordinary linear equations, in which the 
number of unknowns AE; is not the same as the number of equations. 
The method of solution of ‘such equations is given in Section XVI, 
Chapter X. 


XV. THE FLOW OF POWER INTO LOADS 


(a) Let the previous compound network be considered again and 
let it be assumed now that, while the admittance Y** changes by AY?°, 
the power input into the load E5-I2 remains unchanged, although both 
Es and I? vary. (The load may consist, say, of synchronous motors.) 
The problem is to find the change in the load voltage, namely, AE» 
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In the present problem the impressed terminal voltage E1 remains 
constant instead of E2 and I?, hence the equation of current change is 
AI! = —Y!2-AEo — Y'3- AEs 
AI? = — Y?2- AE. — Y?3- AE3 22.64 
AY33.E, = —Y22-AE. — (Y23 + AY33). AEs; 


In addition to these equations it is also true that the power input 
into the load before the change E3-I? is the same as that after the change 
(E; + AE3):(I? + AI?). That is, the following equation also exists 


E3-I? = (Ej + AE2)- (I? + Al?) 


Simplifying, the fourth equation representing power is 
(E; + AE;)- AI? = — AE;-I? 22.65 


The last two equations of 22.64 and the power equation 22.65 con- 
tain three unknowns AE3, AEz, and AI?. 
(6) Eliminating AE3 from the last equation of 22.64 


AE3 = — (¥33 + AY3)—1.(¥32. AE. + AY3-Es) 
and substituting into the second equation 
AI? = —Y?2-AE> + Y23-(Y¥33 + AY33)—1.(¥32- AE. + AY%3-E3) 
AY? = —[Y¥22 — Y25.(¥83 4 AY33) —!. ¥82]. AES 
+ Y23.(¥33 4 AY33)-1. AY33-E 22.66 


This last equation and the power equation 22.65 contain two unknowns 
AE and AI. 
Substituting AI? from the last equation into equation 22.65 


— (Ez + AE2): {[¥22 — Y¥23.(¥33 + AY33)-1.Y32]. ARs 
+ ¥23.(¥33 + AY33)-1. AY33.E3} = —AE>-I? 


or rearranged, the equation containing AE2 as unknown is 
AE, -[Y22 — Y¥23.(¥33 + AY33)-1. 32]. AE» 
— AE> -(I2 + Y?3.(¥33 + AY33)-1. AY33.Ka] 
+E5°[¥22 — ¥23.(¥33 + AY33)—1. Y32]. AEs 22.67 
—E}- Y23.(¥33 + AY33)-1. AY33.E; = 0 


This is an invariant quadratic equation in the unknown vector AEs. 
Its method of solution is not undertaken here. If only one load terminal 
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exists, AE» is a scalar and the above equation is an ordinary quadratic 
equation in AE» easily solvable. 


XVI. GENERALIZATION OF THEVENIN’S THEOREM 


(a) Let a complete compound network with two meshes and two 
junction-pairs be given as shown in Fig. 22.15a. 

The problem is the following: If a load z (Fig. 22.15c) is connected 
across the open-circuited junction-pairs, with a terminal voltage Eo, 


Ls) em 
2ii 


(a) Given orthogonal network (6) Reduced network 
(2 meshes, 2 junction-pairs) (1 mesh, 1 junction-pair) 


Cm ae 
— Given: Ep ,Z 
E, 2 Find: 21 


(c) Addition of z 
Fic. 22.15 


what ts the current 1 flowing into the load in terms of Eo existing before 
the tntroduction of the load? 

Assuming the mesh of i* and the junction-pair of E2 as inactive, 
the network may be reduced to one having one mesh and one junction- 
pair, Fig. 22.15. 

The equation of voltage of the reduced complete network of Fig. 
22.15 is by equation 22.8 (leaving out the double primes) 

Cn = Zmmti®™ — Znjel! 
22.68 
E; = Zjmsi® — 2;;°P 
The first invariant equation stands for as many ordinary equations as 
there are active meshes, and the second one for as many as there are 
active junction-pairs. 

(b) Before the introduction of the load (Fig. 22.155) the load 

current I’ is zero and equation 22.68 becomes 


Cn = Feel” 


Solving the first equation for it (the mesh current) 


22.69 
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Substituting into the second equation the open-circuit terminal voltage 


Eo across the load 1s 
| Eo = Zjm*Zmin°@m | 22.70 


¢(c) Now let z be introduced as shown in Fig. 22.15c. (That is, 
let impedances with mutual inductances between them be connected 
across several junction-pairs.) The effect of the load z is to make the 
_terminal voltage E across it equal to z*-I. Hence in the presence of z 
equation 22.68 becomes 


Cn = Dinel™ — Zmj°l! 


22.71 
ZeT? = Zjmei™ — 2;;°T' 
Again solving the first equation for i” 
i” = Zan (@m + Zmjl*) 22.72 
and substituting into the second equation 
ZT? = Zym*Zmn* (Om + Zmjzel?) — Z,,°1' 
the load current I’ becomes 
(Z + .Z,; — Zjm*Zmn*Zmj) li = Zjm*Zan*@m 
However, from equation 10.7 
Zi) Zjm*Zinm*Zmj = 2,1 22.73 


represents the short-circuit impedance of the network measured from the 
load. Hence 


' -1 
(Z + Zy)°T? = ZjmeZmm* Om 


and the load current is 


Y= (2 + 2y) 7! +ZimeZmme Om 22.74 


However, the expression beyond the parenthesis Zjm*Zmm*@m repre- 
sents by equation 22.70 the open-circuit terminal voltage Ey across the 
load, since the mesh impressed-voltage @m 1s the same before and after the 
addition of the load z. Hence the current flowing into the load z is 


| I = (z + 2y)!-Ep | 22.75 


where z = impedance tensor of the load. 
zZ, = short-circuit impedance tensor of the network measured 
from the load terminals. 
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Eo = open-circuit terminal voltage across the load terminals 
before the introduction of z. 


The mesh-current i” is found from the load current I’ by equation 


22.72, or by 
i" = Zim lm +: Zmy*(Z + 2) 7! +Eol | 22.76 


where the first term Zmm*@m represents the mesh currents ~ 
before the introduction of the load. 


(d) Equation 22.75 represents a generalization 
of Thévenin’s theorem that gives a sirgle load é ge 


current J flowing into a single load Z as 


Fic. 22.16.—Théve- 
pea @+ Zi )~"Eo 22.77 nin’s Theorem 


where Z;, is the network impedance viewed from the load and Eo is 
the open-circuit terminal voltage. (Fig. 22.16) 

It should be noted that the net works z, and z may be asymmetrical 
networks, also they may contain impressed voltages e, and currents 
Ii in the eliminated meshes and junction-pairs. That is, the networks 
are asymmetrical, active networks with any number of meshes and terminals. 

(e) The theorem of this section could have been developed also by 
assuming two compound meshes instead of one mesh and one junction-pair 
and using 


Qe; = Zid! + Z12°i? 
22.78 


Zai°i! + Z90+i? 


€2 


instead of equation 22.68 thereby replacing e» by —z-i?, etc., as shuwn 
in Fig. 22.17. The results are the same. However, this last method 


“Js r7 
Given :@2,2 r 
bs @ . ° = ~Z. 
; Find :? - 


(a) Given mesh network (b) Replacing eg 
(2 meshes) Fic. 22.17 by —z-i? 


of attack is not so clear-cut since each mesh of ez must contain only 
one impressed voltage. 


XVII. SHORT-CIRCUIT CURRENTS 


(a) A special case of Thévenin’s theorem, when z = 0, represents 
the short-circuiting of the open-circuited junction-pair as shown in 
Fig. 22.18. 
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By equation 21.77 the short-circutt current is 


where Eo ts the difference of potential appearing across the junctton-pairs 
before their short-circuit and Z, is the impedance of the network viewed 
from the short-circuited terminals. 


14 
Given °E, 
e¢ : : 


(a) Given orthogonal network (b) Short-circuit 
(1 mesh, 1 junction-pair) Fic. 22.18 


The mesh currents during the short circuits are by equation 22.76 


22.80 


where the first term Z,.°@m represents the mesh currents existing 
before the short circuit. Hence the additional mesh currents due to the 
short circuits are 

i” = ZaaeZmj°Z, |*Eo 22.81 


XVII. THE DUAL OF THEVENIN’S THEOREM 


(a) Every method of reasoning, every theorem may be expressed in 
a dual form by replacing z with Y, etc., as shown in Sectton I, Chapter 
XIV. 

Instead of the dual of the complete network of Fig. 22.16, let the 
dual of the mesh network of Fig. 22.17 be taken, namely the junction 


I’ I' a 
Given: 15,Y 
re | Find: Ea ; : by 


(a) Given short-circuit current I* (6) Load Y inserted 
Fig. 22.19 


network of Fig. 22.19 having two junction-pairs (after reduction). Its 
equation of current is 


+ 


I! = Y!1.B, — Y!2-E, 
I? = Y2!.E, — Y22-Eo 
Now let a load Y be inserted in parallel with the short-circuited 
junction-pair with a short-circuit current I*. The problem is to find 


the differences of potentials Ez appearing across the load in terms 
of the short-circuit current I* existing before the introduction of the 


22.82 
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load. It will have to be assumed that the input currents I' are the 
same before and after the introduction of Y (just as e; remained 
constant during the introduction of z). 


(6) Before the introduction of Y (Fig. 22.19a) the load voltage Es 
is zero and equation 22.82 becomes 


I = YE 
I? = Y21-E, 


22.83 


Solving the first equation for E; and substituting it into the second, 
the short-circuit current is 


| Ie = Y2!.yl-lyl | 22.84 

(c) The effect of the introduction of Y is to make the load current 

I? equal to Y-Ee. Hence in the presence of Y equation 22.82 becomes 
I! = Y!l.E, — Y!2.E. 
Y-Eo = Y?!.E, — Y22-Ep 


22.85 


Solving the first equation for © 
E, = Y!!-1.(1! + Y!2.Ep) 
and substituting into the second equation 
Y-E. = Y21.Yll-1.([! 4+ Y!2.E) — Y22-Eo 
the load voltage becomes 
(Y ~} Y22 == y2i.yil-i -Y!4)-Eo _ Yy2i.yil—-l1.yl 22.86 


But Y22 — yel.yll-1.yiz = y22! 


represents the open-circuit admittance viewed from the load and the 
right-hand side of equation 22.86 is, by equation 22.84, the short-circuit 
current I* existing before the load (since I’ is assumed to stay constant). 
Hence the voltage across the load is 


This equation is the dual of equation 22.75. 
(d) The special case, when Y = 0, represents the open-circuating of 
the short-circuited junction-pair. The open-circuat voltage 1s 


expressed in terms of the short-circuit current existing before the 
open circuit. 


CHAPTER XXIII 
THE SYNTHESIS OF NETWORKS 


I. THE TYPES OF PROBLEMS TO BE CONSIDERED 


(a) In the problems considered in the previous chapter on the 
analysis of networks it was assumed that: 

1. The design constants z or Y of the individual coils are all known. 

2. The interconnections C or C,~' of the coils are also known. 

In problems of synthesis one or both of these two conditions are 
not satisfied. In their place some conditions of the performance are 
specified. 

(6) In this chapter three general types of problems will be con- 
sidered: 

1. Given certain desirable performance characteristics (say the net- 
work has to supply constant currents I at certain terminals irrespective 
of the loads connected across those terminals), the problem 1s to find 
the relation that must exist between the impedances or admuttances of the 
meshes or junction-pairs of any network in order that the network should 
perform as it 1s destred. This relation between the components of the 
z's or Y's (also e’s and i's) will be called the ‘‘criterion of performance.” 
Each type of performance has its own “criterion.” For many types of 
performance several such criteria have to be established. 

2. When a network is given in which the mesh impedances 2’ 
(or Y’) are known to satisfy the desired “criterion of performance,” 
the next problem is to find automatically the impedances (and im- 
pressed voltages) of a large variety of other arbitrary networks having 
different interconnections and coil impedances that still have the 
same performance. The impedance (or admittance) tensors z’ or Y’ 
(also e’ or I’) of these networks are found with the aid of a new type 
of transformation tensor, the so-called ‘‘synthesis tensor’? C,. For 
each criterion of performance a separate ‘‘synthesis tensor’’ has to be 
established that keeps the criterion (or sets of criteria) invariant. 

3. If the ‘synthesis tensor” C, changing z; to Zz) (without examin- 
ing the criterion) is known, the next problem is to establish a “primitive 
synthesis tensor’ C, changing the z; (or Y') of the individual coils of 
one network to Zg (or Y?) of the individual coils of any other network 
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without going through the task of establishing z, and 22 of the resultant 
networks. 

That is, C, eliminates the necessity of setting up the ‘criterion of 
performance” of each network, and C, eliminates even the necessity of 
setting up the impedance tensors z’ (or Y’) of each network. Hence in 
problems of synthests it 1s sufficient to consider: 


1. The self and mutual impedances of isolated coils. 

2. The connection tensors of the networks under consideration. 

The synthesis tensors C, and C, represent a new type of “groups 
of transformations” that set up a correspondence between networks 
having in general different number of coils. 

(c) The following examples will be worked out in detail, finding for 
each case the ‘“‘criterion of performance” and the ‘‘synthesis tensor”: 


1. Keeping the input terminal voltages E; constant and vatying 
the outside Joad Y, how to maintain in any network: 


(a) The load currents I? constant. 

(b) The input currents I! constant. 

(c) Both currents I' and I? constant. 

(d) The load voltages E2 constant. 

(e) The differences of potential E3 across a set of inactive 
terminals constant. 


2. How to keep the input inipedances z; or admittances Y‘ constant 
in any network if: 


(a) The network is passive. 

(6) The network is active with voltages (or currents) impressed 
around some or all of the closed (or open) meshes. 

(c) The network supplies a constant load. 


Of course the variety of examples that occur in engineering practice 
is unlimited. 

Where no misunderstanding may arise, the primes denoting actual 
networks will be omitted. 


Il. THE GENERALITY OF THE METHOD OF ATTACK 


(a) By considering every network as a complcte network having a 
non-singular C, it is possible to establish new networks having desired 
performance characteristics, without establishing: 

1. The impedance tensor z (or Y) of any of the networks. 

2. The criterion of performance of any of the networks. 
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That is, it is possible to establish a large variety of new networks 
by considering only: 

1. The self- and mutual impedances (or admittances) of their 
individual coils (without ever establishing mesh impedances). 

2. The transformation tensors of the networks showing their inter- 
connections C and their synthesis tensor C,. 

That is, 12 problems of synthesis shown, the tmpedance tensor 2 of 
networks or any part of them does not need to be established. 

(6) In all problems of synthesis it will be assumed that the networks 
are active asymmetrical networks, hence they may include vacuum tubes, 
rotating machines running at or oscillating around a constant speed, and 
other linear electrical and mechanical networks. 

(c) In problems of synthesis the question always comes up: Isa 
cou with the necessary impedance or admitiance physically realizable? 
Or if it is physically realizable, is it the most economical or is it the 
most practical? These questions are not investigated in detail in this 
chapter. 

Since the method of attack of this chapter is so organized that the 
final self- and mutual impedances defined may refer to individual coils 
if so desired, and also since these individual coil impedances are defined 
in terms of known impedances and of several arbitrary complex numbers, 
or linear operators, any eventual organized method of attack on the 
physical realizability of networks may consider only isolated coils that 
are functions of arbitrary parameters. The analysis need not be com- 
plicated by the interconnection of coils, and it need not be limited to 
real parameters. 

(d) It ts emphasized that the method of attack shown is not the most 
general possible, even for the cases considered. It represents just one 
out of many possibilities. 


Ill, CRITERION OF CONSTANT LOAD CURRENTS 


(a) Leta network with any number of meshes and junction-pairs be 
given which is supplied by several generators at a constant-potential 
E. Let the network supply currents I to several outside loads (say to 
a three-phase load) whose admittance Y¥ does not appear on the net- 
work diagram. The problem is: What relations must exist among the 
admittances of the network in order that the currents I supplied to the load 
should also be constant, no matter how the load admittances Y vary? 

(6) No matter how complicated the network is, let it be considered 
as a junction network with its junction-pairs divided into three 
functionally different groups (Fig. 23.1). 
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1. The first group contains all those junction-pairs that have con- 
stant voltages E; impressed upon them. 


2. The second group is assumed across the various loads, into 
which I? flows and across 


which E2 appears. 1! Ez Es | 2 

3. The third group in- : Fos variance 
volves the remaining inac- ? 2 tO 
tive junction-pairs with a °**+"_------ 4 


difference of potential Es Fic. 23.1.—With E, Constant, to Maintain 
F 2 
appearing across them. I’ Constant 
Hence if the network is considered ::s a compound junction-network 
with three junction-pairs its equation of current is 


Ii = y!1.B, — Y!2.E, — Y‘3.E3 
I? = Y?!.E, — Y?2.E. — Y23.E; 23.1 
0 = Y3!1.E, — Y82.E, — Y33.E3 
In these equations E; is constant and I]? is to be maintained constant. 
(c) Eliminating the inactive E3 from the third equation 
E; = Y¥33-1.(Y¥31.E, — Y32.E») 

Substituting into the other two equations, it gives 
Ji = (Y!! — yi3.y33-1.y31).B, — (y!2 — yl3. y33-1. y32).R, 

I? = (Y¥2! — 23. y33-1.y31).B, — (Y22 — Y23. 33-1. y32).Ep 

The load current I? is a function of the generator voltage E, that 
is always constant and of Ee, the voltage appearing across th. load 
whose value varies with the load. 

(d) Now in order that I? should be a function of the constant Ey 
and not of the variable Eo, it is necessary and sufficien: that the coefficent 
of Es in the second equation should be zero. Hence tf the admittances of 
the coils satisfy the ‘‘criterion of constant load currents” (in which all 


“open-circuit admittances” as in equation 23.2 will in the succeeding 
pages be designated by a double prime instead of a single prime) 


then the constant currents flowing into the loads are 
I? = (y#! — y%.ys-1.y3!)-By 23.4 


23.2 


Since the components of E, are constant, the components of I? are also 
constant no matter what the loads are. (If the components of E; vary, 
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the components of I? follow their variation by the proportionality factor 
Y?!’”".) That is, in any network the load currents are constant, if the 
admittance Y2?”’ looking from the load is zero. The admittance may 
satisfy this condition etther only at one particular frequency, or at all 
frequencies, or along certain frequency band, depending on other con- 
ditions to be stated. 

(e) The left-hand side of equation 23.3 is a matrix in each par- 
ticular problem. <A matrix is zero if each of its components is zero. 
Hence equating each component of the matrix of equation 23.3 to zero, 
the criterion of performance represents a set of k* relations between the 
design constants of the network that must be satisfied, where k is the 
number of currents that are to be maintained constant. 

It may be mentioned that, if the network is considered a complete 
network instead of a junction network, tnen its admittance tensor 
contains sixteen component Y’s instead of nine, the other seven Y’s 
representing the meshes that are ignored. These extra Y's may assume 
any value since they do not occur tn the criterion anyway. fence out 
of the sixteen compound tensors of the network fifteen have arbitrary 
values, while one of them, Y?”, must be equal to Y23- ¥33—1.¥32, Of course, 
in order to satisfy this last requirement by physically realizable coils, 
three of the other tensors Y?%, Y22, and Y?3 may not assume arbitrary 
values. 

(f) If, instead of the load currents I’, the generator currents I! are 
to be maintained constant, then the coefficient of Ee in the first 
equation of 23.2 is to be kept zero. That is, if 


yi2" — yi2 — yl3.Y33-1.y32 = Q 93.5 


this becomes the “criterion of constant generator currents” and the 
generator currents I! are 


J} = (Y¥!! — y!3. y33-1.y31).E, 


(g) If equations 23.3 and 23.5 are both satisfied, then at all loads both 
I! and I? are constant. 

(h) When only part of the load currents or generator currents are 
to be maintained constant, then the tensor equation of current of 
the network I = Y-E is subdivided into more than three tensor equa- 
tions that are to be analogously manipulated. 

(1) It should again be emphasized that all the ubove equations (and 
those to follow) apply to any asymmetrical network that can be subdivided 
into the indicated number of groups of junction-pairs or meshes. 
Each group may contain any number of junction-pairs or meshes 
from one to infinity. 
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IV. CRITERION OF CONSTANT DIFFERENCES OF POTENTIAL 


(a) Let the difference of potential E3 appearing across somz2 of the 
inactive junction-pairs be maintained constant, while Ey of the remain- 
ing inactive terminals and Ez of the load terminals vary as the load 
varies (Fig. 23.2). The impressed voltages E; are also constant. 


(L, VARIABLE 
ore LOAD 


Fic. 23.2.— With E, Constant, to Maintain Es Constant 


Dividing the jurction-pairs into four types, their equation of 
current is 
I) = Y!.E, — Y!2-E. — Y!8-E, — Y!4-Ey 


I? Y’'-E, — Y¥??-E, — Y*3-E3 — Y?*-E4 
0 = Y¥°!.E, — Y°2-Eo — Y"3. Es — Y3!.E, 
0 — Y#!.E, — Y!2-Eo — Y*-E; — Y"4.E, 


23.6 


(b) Eliminating E4 from the last equation 
Ey, = Yi#-1.(Y-E, — Y!?-E2 — Y*%-Es) 
Substituting it into the third equation 
OQ = (Y3! — Y3t.¥Ht-1.y4l).E, — (¥#? — y2t. Yit-1. ¥42).Ep 
_ (¥83 — y3teyé4- lyse. Bg 


The voltage E3 is constant if the coefficients of Ez are zero. That 
is, the “‘criterion of constant voltage’ 1s 


y2” = y? — y4.y4-Ly# = 9 23.7 
The constant termina! potentials are 
E3 = (Y33 — y34.y44—-1. 43) - 1,(y¥3! — y34.yit-1. Y41) Ey 
= Yes —1. ysl". Ky 23.8 


V. CRITERION OF CONSTANT LOAD-VOLTAGES 


(a) Now let the difference of potentials Ez across the variable loads 
be maintained constant, leaving some of the loads unchanged. That is, 
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let the network be divided into four types of junction-pairs (Fig. 23.3): 


1. Constant potential (E,) input. 

2. Constant potential (E2) across a variable load. 
3. Variable potential (E3) across a constant load. 
4. Inactive junction-pair (Es). 


CONSTANT LOAD 
AAA 
conn 
‘ ' 


eenmes, 
§ 


(a) = VARIABLE 


(b) 


Fic. 23.3.—With E, Constant to Maintain Es, Constant 
(b) Eliminating the inactive junction-pairs by the reduction 
formula the equations of the active junction-pairs are 
I! = Y!l".B, — Y!2".E, — Y13".Eg 
I? = Y?2!"".K, — Y22’"’-Eo — Y29"’-Es 23.9 
J3 = Y31"".E, — Y32"’.Eo — Y33’'.Es 


Let the value of constant loads be Y so that I? = Y-E3. Substitut- 
ing into the third equation 
(Y + Y93"")-E3 = Y3!"".K, — Y32”-Ep 


(c) The potentials Ee across the variable loads are constant if the 
coefficient of E3 is zero, that is, the ‘‘criterion of constant load voltage’ 1s 


The constant load potentials are 
E2 = yse"’—-1l. ysl’ .E, 23.11 


In order that the inverse of Y*2’’ should exist it is necessary that 
as many constant load terminals should be assumed as there are vartable 


CRITERION OF EQUAL INPUT IMPEDANCE 599 


load terminals. Any coil of the network may be considered as a constant 
load Y by simply considering its two junctions as a junction-pair. 

(d) It is interesting that, in order to maintain constant load cur- 
rents I*, the admittance of the network has to be examined from the 
variable load only. However, in order to maintain constant load 
voltages E2, the admittance of the network has to be examined both 
from the variable loads and from an equal number of other termirals. 


VI. CRITERION OF EQUAL INPUT IMPEDANCE 


(a) Let a network be given (Fig. 23.4) in which the irput imped- 
ances Z; measured from several branches are known. The network 
may, for instance, have some desired impedance characteristics as the 
input frequency varies. It is desired to construct other networks 
that have the same input impedance z,, that is, that have the same 
impedance characteristics through the whole frequency range. 

The meshes of the network are divided into two types: 


1. The input meshes with impressed 


voltage e. 
2. The inactive meshes. 


The presence of the junction-pairs (a _ aan 
third ae of opened he is eee pte eae Maite the 
pageae Input Impedance z; Con- 
(b) The first step is to find the “criterion Sank 
of performance," that is, to find the relation 
that must exist among the impedances of the network so that z; should 
have the original value. 
The equation of voltage is 


Qe, = Ziyi! + Z12°i7 
23.12 


O = Zoi! + 222-1? 
To find the input impedance eliminate i? from the second equation 
as i2 = —z59'-zo,-i!. Substituting it into the first equation 


e, = (211 — Z12°Z2\ *Z21)*i! 


The expression in parentheses is the input impedance of the net- 
work that has to be equal to the given z, Hence, the ‘‘criterton of 
constant input 1mpedance’’ is 


| Zs; = 241 — Z19°Z2g' Za | 23.13 
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VI. CRITERION OF EQUAL INPUT IMPEDANCE 
OF ACTIVE NETWORKS 


(a) Let it be assumed that the network has the desired input 
characteristics when impressed voltages e2 exist in some of the previously 
inactive meshes (Fig. 23.5). In this case the given network also has a 
definite equivalent input voltage e that also must remain the same in 
all the other networks. Hence an addi- 
tional criterion has to be constructed, 
which also has to be satisfied by all 
equivalent networks. 

The equation of the network is 


Fic. 23.5.—To Maintain z; 


Constant in Active Network @, = Z,-°i! + 212-1" ev 


Zoi°i! + Zo0ei? 


C2 


(b) Eliminating i? from the second equation and substituting into 
the first equation 


@1 = Z11°i! + z12°Zo0'* (2 — Za1°i!) Pee 
(e1 — Z12°Z32' *€2) = (411 — Z12°Zgy *Z21) «i! 


(This equation is the same as equation 10.17.) 

The left-hand side represents the equivalent input voltage of the 
network, which has to be the same in all networks. Hence the addi- 
tional “‘criterion of constant input voltage”’ is 


(c) When only part of the previously inactive meshes contain 
impressed voltages, Fig. 23.6, then three groups of meshes are assumed 


Q; = Zirei! + Zya°k? + Zi3-0% 


Zo1°1! + Zo2°1" + Z9:3°i° 23.17 


Cz 
Fic. 23.6.—To Maintain z; Constant 


O = z3ici! + Z32°i? + 233-5 “a Acti 
31 + Z32 + 233 in Active Network 


Eliminating i? and i? by equations 10.33 and 10.34, the two criteria 


are 


ej = e1 — Z19*Zon 1° 23.19 


where the primed quantities are short-circuit impedances. 
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VIN. CRITERION OF EQUAL INPUT OR OUTPUT ADMITTANCES 


(a) Let a network be given (Fig. 23.7) in which the input adimit- 
tances Y* and the output admittances Y° are known. The problem is to 


L eS ie 5 ‘a 


Fig 23.7 - To Mamtain ¥t and Y® Const .nt 


construct other networks that have the same input and output admitlances 
Y' and Y®. 


The junction-pairs of the network are divided into three types. 


1. The input junction-pairs. 
2. The output junction-pairs. 
3. The inactive junction-pairs. 


The presence of the meshe. (an additional group of closed junction- 
pairs) is ignored. 

(b) The first step is to establish the conditions that must exist 
between the admittances of the network in order that Yoo and Y? 
should be constant. That is, the first step is to find the “eriterion of 
performance.” 

The equation of current of the network is 


I' = Y!!.E, — Y'--E. — Y!3-E3 
I2 = Y?!-E, — Y""-E. — Y°"-E3 23.20 
0 Y31.E, — Y32.E, — Y%!-Es 


Since the load Y® is constant 2 = Y°-Eg. To find the input imped- 
ance of the network, let E3 be eliminated from the third equation and 
substituted into the other two, giving equation 23.2 again as 


J'=(Y!!—Y!3. y33-1.y3!).E, — (¥!2—Y!3. 43-1. ¥32) . Ep 


23.21 
Yo. Ey = (Y?! — Y28. Y33-1. 31) .E, — (¥?2— Y23-¥"3 1.Y3-).Eo 
These equations may be written as 
I! = Y'”.E, — Y!2".Ep 
23.22 


Yo.E, = Y2!"’.E, — Y22’’-Es 
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Eliminating E2 from the second equation 
Eo = (¥° + Y¥?2"’)-1.Y2!"". EB 
and substituting into the first 
Peo [YS ¥14 3 (YO a 24) oe YA @ Ey 23.23 


The expression in brackets is the input admittance of the network, 
which has to be equal to the given Y*. Hence ‘‘the criterion of equal 
admuttance’’ is 


y? = yi’ a yi2’’. (yo + y?2"’) -1.y2n"’ 93.24 


IX. DEFINITION OF THE ‘‘SYNTHESIS TENSOR” C, 


(a) Let it be assumed that for a given network (having a non- 
singular C,) the self- and mutual impedances or admittances of the 
individual coils have already been so selected that the network satisfies 
the desired ‘‘criterton of performance’ and consequently it has the 
desired performance. Let it also be assumed that the impedance 
tensor Z; (or Y!’) of the network is also known. 

Now let any other arlitrary network Cz be assumed having different 
number of coils and interconnected in an arbitrary manner. The 
problem is to find zg (or Y?’) of the second network from z; (or Y'’) by 
a transformation so that the second network should behave in exactly 
the same manner as the first network. That is, z) or Y’ of the second 
network is to be found without going through the labor of trial and 
error needed to establish a z, that will satisfy the ‘criterion of per- 
formance.”’ 

(b) The transformation tensor that changes 2, of a given network to 
Zz, of any other network but automatically keeps the ‘‘criterion of perform- 
ance’ invariant will be called the ‘‘synthesis tensor’ C,. Instead of 
keeping the scalar e*-i invariant, C, keeps certain other combinations of 
tensors, namely, the ‘‘criterta of performance’ invariant. 

The transformation tensors used up to now did several types of 
chores. They interconnected coils, changed number of turns, intro- 
duced hypothetical currents, and so on, doing several of these jobs in 
one step. The transformation tensor C;, to be introduced now will do one 
other thing; it will change the impedances of the individual coils also, in 
addition to performing other functions, chiefly interconnecting cotls. 

Since in the next few sections no primitive networks are considered, 
the primes will be left out. 
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X. ESTABLISHMENT OF THE SYNTHESIS TENSOR 


(a) A synthesis tensor C., or Cy | = Ag, will be established for each 
“criterion of performance’ separately as a compound tensor by the 
following steps. These steps are determined by the requirement that 
the “criterion of performance’”’ should have the same form before and 
after transforming it by C,. (Instead of transforming the criterion 
itself, it was found to be a quicker procedure first to transform z and 
then to reestablish the transformed form of the criterion.) 


1. The impedance tensor z; (or Y') of the first netwo.k is set up 
as a compound tensor containing as many rows and columns as there 
are types of meshes and junction-pairs. 

2. A non-singular compound transformation tensor C, (or C3, ') 
is set up, each component being an as yet undetermined 2-tensor. 

3. The impedance tensor Zz (or Y?) of the new network is estab- 
lished by performing the multiplications C;,-z1-C, (or C7!-¥!-C;, 4). 

4. The “criterion of performance”’ is set up using the components 
of the new impedance tensor Ze. 

This criterion contains the same impedances as the original cri- 
terion; in addition, however, it contains all the component tensors of 
the compound synthesis tensor C,. 

5. Some (not all) of the component tensors of C, are equated to zero 
or to the unit tensor I (or are changed to some other form) so that all com- 
ponents of C, drop out of the “criterion of performance.” 

(6) That is, it will be found that, if the synthesis tensor C, assumes 
a simpler form by making some of its components zero or unity, etc., 
while leaving other components quite arbitrary, then after multiplying 
z, of the network by this special C, the ‘criterion of performance’”’ 
remains unchanged since all components of C, drop out of sight. Hence 
the impedances of the coils, the interconnection of the cotls and the number 
of coils all may be changed by C, without changing the “‘criterion of per- 
formance.” The new network will perform in exactly the same manner 
as the given network. 

Since several of the components of C, contain arbitrary quantities 
(real or complex numbers, or linear operators) there is a large 
number of networks, each with a large variety of coil ampedances, that 
have the same performance characteristics. The selection of a particular 
network with a particular coil impedance is determined by physical 
and economic considerations. 
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XI. THE SYNTHESIS TENSOR FOR CONSTANT OUTPUT CURRENT 


(a) The admittance tensor of the junction network whose output 
current is to be maintained constant is, from equation 23.1, 


1 2 3 
y?}2 y}s 
Y= ¥2? 1 _> 23.25 


y2 y33 


It is emphasized that Y of the complete orthogonal network con- 
tains one additional row and column representing the ignored meshes. 

The ‘‘criterion of performance,” that is to be maintained invariant, 
is, from equation 23.3, 


Y22 — ¥23. 33-1. y32 = 23.26 


It should be noted that: 

1. The components of the first row and column of Y (the input 
axes) do not occur in the criterion. 

2. The components of the fourth row and column of Y, representing 
the ignored meshes and not shown in equation 23.1, also do not occur 
in the criterion. 

(6) The problem is to establish a transformation tensor Ag (‘‘con- 
jugate transpose inverse transformation tensor’ C>,' that is denoted 
by A.) changing Y of the given network to Y’ of any other network as 


1’ 2’ 3’ 


yi’ y!2’ ys’ 


Y' = AgY-A, = 2'| ¥?!" | ¥?" | y2! 


1’ 


23.27 


ern | meee fe ae 


3’ ya’ y32’ 


so that the “criterion of performance’ remuins unchanged, invariant. 
That is, after the transformation 


Yy??’ = y23’ . y33’ —l -Yy3?’ _ y-2 paz 23, y33 -1, ys 23.28 


from which the components of A, have dropped out. If this condition 
is satished that even after the transformation 


Y22’ as Ys’. Y33’ -1 ys’ = 0 23.29 


and the output currents of the new network are constant. 
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The synthesis tensor has the form 


23.30 


in which all the components are as yet arbitrary. 
(c) After transforming Y by the formula Aj,-Y-A,, the new Y’ of 


equation 23.27 is Y’ = 


Air (¥"1-Aq Aye + (¥"- Aj Air + (¥" Aj 
+y!2. a} ac Y'3. al) +yY!2.a3 Be Y!3. A2) 4-Y!2. a3 ce Y!3. a3) 
+ AQ + (Y7!+At “FAd « (¥?!- Ai +A} (¥?!-A3 
+¥7-A3 + ¥8-A3) | +Y?+Ag + ¥"-A3) | -+¥"-A3 + ¥°3-A3) 
Ag, (¥3!- Al Agr (Y31- AY Ax, -(Y*!-Ai 
+¥%.A} + ¥5.A3) | 9 -+¥%-A3 + ¥5-A3) | 9 +¥%-A} + 83.5) 
Air (Y" Ay Aie-(¥" Aj Air -(YU-AY 
+y!2.al 4 Y!3. aj) +Y?2. a2 ia Y}3. a?) +Y?2. a3 ae Y!3. a3) 
Az + (Y7!-Aj Ad + (Y2!-Aj Ag (Y¥71- Aj 
+Y72.A} + ¥%3.A3) | +Y”-A3 + ¥%-A3) | +Y?2-A9 + ¥%-A3) | 23.31 
+Ag (YA +5: -(Y"!- Aj PAG (Y5!- AY 
+y32.al ie Y?3. a}) +¥32. a2 a Y3. Az) +32. a3 a. Y?3. Ag) 
Aig: (¥"+Al Air (¥" + Aj Airs (Y- AY 
+¥2.Ab 4+ y!3.al) | 9 +y!2.a3 4 y'.a2) | +y!2.a3 + v3.4) 
+A3; « (¥?!- Al +As, + (Y?!. A? + Agr. (Y?!.A3 
+Y¥7-A> + Y?5.A3) | + ¥"?-A5 + Y°5-A5) | 9 -+Y¥"2-AD + ¥75-A}) 
+A3, ° (¥3!- Al +Aze + (¥3!- Ai +A3-(Y31. a3 


+Y¥22.A} + ¥33.A3) | +¥9?.a2 + Y93-Aj) | + ¥9?-A3 + Y33-A3) 


(d) To set up the criterion, it is necessary to find the inverse of the 
expression in the right lower 2-tensor Y**’ containing nine different 
Y’s. Since in the criterion (equation 23.26) only the inverse of Y?% 
occurs, all terms in the right lower 2-tensor ¥%°’ may be reduced to zero 
except Y33, if Ai and A} are assumed to be zero. (Of course, other, more 
complicated assumptions could also produce the same result.) 

Also in order that in the center 2-tensor Y2*’ the term of Y?? needed 
in the criterion should have the form of Y2? without being multiplied 
by anything, Aj may be equated to the unit tensorI. (Other assumptions 
are also possible. This present assumption is made only to simplify 
the results.) 
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Hence if A® = 0, A’ = 0, and AZ = I, then Y’ becomes 


1’ 2' . 3’ 
Aly-(v!l.al + ¥2-A2 | Air-(¥!-Ai + ¥!? 
+¥™-As) +Y¥"¥2A3) | ALY? + 
pe [Age (At AL + Y7-Ag [+ Agr (W?t-AT + Y” 
+Y-A3) +¥ 3-A5) | Ags -¥" + 
Ad + (Y8-Al + ¥8-Ad |+Ag -(¥#!- At + ¥® 
+¥%.A}) +Y¥.A3) | Age -Y*3)-A3 
Air +(Y4-AL + ¥i?-Ag | Air (Y4-Al + ¥¥ 23.32 
i +¥".A}) +¥"3.A2) | (A338 + 
or [+(e At + Y”.A} +(Y¥?!-Ai + Y” 
+Y*3.A5) +Y¥73.A3) | Y + 
+AG + (Y8AL + ¥8-Ab |-+A5-(Y*!-at + Y# 
+Y¥*.A3) +Y33.a3) | Ag: ¥)-A3 
gr] Ase (WAT + Y%-As | Agr (Y-AT + Y® 
+Y¥*3. A3) +Y¥%3.A3) | Aj; -¥*-A3 


(e) The “criterion of performance’ Y?2’ — Y23’. ¥33’ —1. 32’ as cal- 
culated from this tensor assumes the form 
Ais (YE ALE Y + Y™-A3) + (2A +Y"+Y"-A3) +AGr + (YO Al 
+YP+¥"-A3)— (Ai -YE+Y™ 
+A3;-¥°4) -y33".(¥3!.A7+Y°7+ "3. a3) 23.33 
Simplifying, the criterion assumes the form 
Agr (Y"-AT+Y")-+¥") aly? — (ayy 
+Y¥73) v3". (y3!.A?+-y3?) 23.34 
If Aj is also made equal to zero, then the criterion becomes Y22 — Y?8 


» Y33—1.y32, This is the form sought for the criterion. 
(f) Hence tf the synthesis tensor assumes the form 


v2 3 


23.35 


in which the inverse of A3 exists, then the ‘‘criterion of constant load 
current,’ equation 23.26, remains invariant. 

In other words, (1) if Y is multiplied by A, to find Y’, and (2) if the 
criterion is established from the components of Y’, then all the com- 
ponents of A. of equation 23.35 disappear from the criterion, no matter 
what the various component A's are. 
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The component A’s may contain real numbers, complex numbers, 
linear operators, etc. No matter what they are, they do not influence 
the constancy of the load currents. However, the inverse of Aj must 
extst, since it occurs in establishing the criterion, equation 23.33. 


X1l. THE SINGULAR SYNTHESIS TENSOR 


(a) The very important fact should be noted that since the inverse of 
Ai is not needed, its matrix may have any rectangular form, so that the 
number of axes in group 1’ may vary from zero to any number. Hence 
the new network may have either more or fewer junction-patrs than the 
original network has. There 1s however an absolute minimum number 
of junction-patirs that the new network may have, namely the sum of the 
junctton-patrs in groups 2 and 3. 

Since the matrix of most A, is rectangular, their inverse can not be 
calculated and the various matrices of A, form only a ‘‘semi-group”’ 
(Chapter XI, Section III) instead of a “group.’’ While all previous 
transformation tensors have transformed into each other only such 
networks that had the same number of coils, the synthesis tensor 
transforms into each other networks that have different number of 
coils. 

The synthesis tensor A, = A$ may be considered as a ‘multiple 
tensor’’ with one index o belonging to the references axes possessed by 
all 2-coil networks and with the other index a belonging to those pos- 
sessed by all k-coil networks. In the previous studies the -coil net- 
works and their reference axes were independent of the k-coil networks 
and their axes. 

(6) The transformation A, may involve (among others) the follow- 
ing three changes: 


1. The interconnection of the network may be changed. 
2. The impedances of the coils may be changed. 
3. The number of coils may be changed. 


(c) It must be emphasized that the given A, is not the only trans- 
formation tensor that leaves the output current invariant. By knowing 
the value of the Y’s it is possible to give values other than zero to 
A?, A®, and A’ that keep the criterion invariant. These other possible 
forms of A, are not investigated here. 


XII. THE EFFECT OF INACTIVE JUNCTION-PAIRS ON A, 


(a) It was mentioned that the criterion Y?22 — Y23.Y33—!.Y32 did 
not involve the first rows and columns of Y of equation 23.1 and con- 
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sequently it would have been sufficient to calculate the second and 
third rows and columns of Y’ by a similarly decreased A, as 


2? 3’ 


2 2’ 
I 


3 3’ 
21 Y2*|-Y* 2 0 20 7? yee 
Y = As _ Y’ = 23.36 
31 ye | y3 3 A? A; 3’ | y32’ | ya’ 


The effect of an extra row and column in Y (that 1s not needed in the 
criterton) 1s to add an extra column to A, (contatning the arbitrary com- 
ponents Al, A}, and Aj) since multiplication with this extra column of 
A, does not change the needed components of Y’. That ts 


23.37 


It should be recalled (Section XV, Chapter XVI) that the addition 
to C of columns along the extra junction-pair axes (and the correspond- 
ing addition to z) does not change the components of z’ along the other 
mesh axes. Similarly here the addition of column 1’ to A, (and the 
corresponding addition of row and column 1 to Y) does not change the 
components of Y’ along the other axes 2’ and 3’. Since A, can have 
additional non-zero components only along the added columns, the 
additional components along its other columns are zero. 

Hence, tn calculating the synthesis tensor 1t 1s sufficient to transform 
those compound axes of Y¥ (or z) only that play a part in the criterion. 
The remaining compound axes add the same number of arbitrary columns 
to the synthesis tensor. 

(b) Since in the present example Y contains still another compound 
axis 4 representing the ignored mesh axes, therefore the synthesis 
tensor contains another arbitrary column as 


4) y“ 
l t yis yil yi2 yi3 


Fe ysl yn lye ya 


3 H y44 | y3! | y32 | y33 
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In using thts tensor the network should be considered as a complete network. 

Since A, need not have an inverse, the new network may have any 
arbitrary number of mesh axes 4’. 

(c) In other words, if any network has equation 23.38 as its admit- 
tance tensor and it supplies constant load current I?, then it can be 
multiplied by A, of equation 23.39, changing its interconnection, its 
number of coils and the admittances of its coils, and the new network 
still supplies constant load current I?’. 

However, this current I?’ is not the same as the current I?, since by 
equation 23.4? = (Y2! — Y23. 33-1. y3!).E, and the coefficient of Ey 
does not remain invariant after transforming Y by A. of equation 23.39. 


XIV. SYNTHESIS TENSOR FOR UNVARYING OUTPUT CURRENT 


‘(a) Let it be now required not only to keep I?’ constant while the 
load varies, but also to keep the new value of I’ the same after the trans- 
formation as 1t 1s before the transformation. In other words, let A, 
keep not only the coefficient of E, in the second equation of 23.2, 
namely, Y22 — Y2%.Y¥33—1.¥Y%2) invariant, but also the coefficient of 
E;, namely, Y2! — Y32. Y33-1. 31, 

In this second criterion all three axes of Y contain a component, 
hence the only ignorable axes are the mesh axes 4. 

(b) From equation 23.32 (where now also Aj is zero), this last 
criterion is 


Y-Al + VAL + YA + Ag-(x AL + Yad + Yat) — 
— (Y-A3 + AR Y*-A8)-ag- 1-9-1 Agta. 
-(Y°'-Al + Y¥*?- Ad + Y**-A3) 23.40 
Simplifying, the criterion becomes 
y”!.al 4. Y??. A} _ y?3. y33-1. (v3! Al ao Y°?. Al) 
If Ai is made equal to zero and Aj is made equal to I, the criterion 
becomes Y2! — Y25. Y33—-1.y31, 


(c) Hence, also the magnitude of I? remains the same in all trans- 
formations if A, has the form 


23.41 
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The effect of the ignored mesh axes is to add an arbitrary fourth 
column to A, hence the complete synthests tensor 1s 


4 Vv 2? 3’ 


23.42 


where Aj may have any rectangular form. 

(d) A simple computation shows that this last A, leaves also the 
coefficients of E; and Ee in the first equation of 23.2 invariant. That 
is, A, of equation 23.42 leaves all phenomena ~ewed from the input and 
output axes 1 and 2 unchanged. It should be noted that along these 
anvariant axes A, contains only the unit tensor I. 

(e) Computation also shows that the above synthesis tensor would 
have been found if the criterion had been Y?! — Y23-Y33-!.Y3! alone, 
or Y!2 — Yi5. y33—-1. y32 alone. 

This latter criterion leaves the generator current I! constant. It 
appears that in order to do that it is also necessary to leave the output 
current I? also constant at the same time. This occurs only because 
some of the A’s were made equal to zero, which steps were not at all 
necessary. They could have been defined as functions of some of the 
Y’s. In order to simplify the results, that definition was not intro- 
duced here. 


XV. SYNTHESIS TENSOR FOR CONSTANT DIFFERENCES 
OF POTENTIAL 


(a) In order to keep the differences of potential E3 across some of 
the inactive junction-pairs constant the criterion is that in the com- 
pound admittance tensor Y having four rows and columns Y?? — Y%4 
-Y44-1.y42 = 0, (Equation 23.7.) 

Since this criterion does not involve the components of the first 
row and column of Y, it is sufficient to examine the changes in the re- 
maining rows and columns of Y, namely, in 


2 3 4 2 3 4 
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(b) In order to use some of the results of Section XI, let the indices 


of the component Y’s be changed temporarily as shown. The criterion 
becomes Y?! — Y?23.Y¥33—-1.y31 — Q, 


The product A,,-Y-A, is shown in equation 23.31. Since here 
it is also necessary to keep the inverse of Y?3 unchanged, here also 
A? = O and A3 = 0. 

In order to keep the tensor Y?!’ as Y2!, let AZ = I and A! = I. 
With these values equation 23.31 becomes equation 23.32, in which 
also A! = I. 

(c) The criterion of performance Y?2!’ — Y?8’. ¥33’-1.Y31’ is from 
equation 23.32 


Ais + (Y!! + Y!2-A) + Y!3-Aj) + Y?! + ¥22-A) + ¥23-A) + 
+ Ag: + (¥8! + Y32-A} + Y83-A3) — (Aq -¥!3 + Y% + 
+ AS, ° ¥3%)- ¥33-1.(¥31 4+ y32.al 4 y3.Al) 23.44 
Simplifying, the criterion becomes 
Ay; (¥}! + Y!2.A2) + Y?! 4+ Y22.A) — 
— (A? Y13 4 Y23).y33-1.(y31 4 Y32.Al) 23.440 


If A? = Oand A} = O, the criterion becomes Y2! — Y?3. Y33 -1. ¥31, 
Hence the synthesis tensor has the same form as equation 23.41. 
Changing the subscripts of the components of A, and adding two 
arbitrary columns along the ignored junction-pair axis 1 and along the 
ignored mesh axis 5, the synthesis tensor is 


23.45 


XVI. SYNTHESIS TENSOR FOR EQUAL INPUT IMPEDANCE 


(a) In order to keep the impedance of the network constant when 
viewed from several input terminals, the criterion (equation 23.13) is 
that 211 — Z12°Zg9'*Z21 should remain invariant while the coil inter- 
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connections or the coil impedances are changed by C,. The problem 
is to find the form of C,. Let 


1 2 1’ 2’ 

1 1] ci | C3 
Z= Cc. = Seer po ea | 23.46 

2 2| Ci} C3 


After transformation the network impedance is by C,,-z°C, 


1’ 2' 


23.47 


(b) In order to find the inverse of the right-lower corner matrix, 
assume C2 = 0. In order to leave 2,1 in the upper left-hand corner 
tensor unchanged, assume C}| = I. Hence assuming 


Vv 2’ 


C, = 23.48 


as the synthesis tensor, the impedance tensor is after the transformation 
1’ 2’ 
211 + 219°C? + Ci +201 + Cir + 299°C} 


C2 -ze1 + Ce +z99-C? 


212°C} + Ch; -z22 °C} 


23.49 


(c) The input impedance as viewed from axis 1’ is by the reduction 
formula 
, ? _- , * 
211 — ZiaeZoa '*Zay = (Z11 + Z2°Ci + Ci -zar + 


+ CF-zo9-Ci) — (z12-Cz + Ci +Z22°C3)- 
+ (Cop +220°C3)—! = (C2 +Za1 + C3; Z22°C}) 
Simplifying 
Zi, — 29*Zop '°Za1 = Zr — Z12°Z22*Za1 23.50 


Hence the input impedance (the criterion of performance) is the 
same after the transformation as it is before the transformation. The 
components of C, dropped out of the picture. 
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Assuming the ignored junction-pair axes 3’ also, the synthesis tensor 
that keeps the input impedance of an asymmetrical network unchanged is 


23.51 


where C3 may have any rectangular form. 

(d) Similarly C, applies if instead of the input impedance 21, — 22° 
*Zo9'°Za1 the input admittance Y'!! — Y!2-¥22-!.¥?° is kept invariant. 
For instance in order to keep both input and output admittances, 
equation 23.24 (containing open-circuit admittances), constant along 
axes 1 and 2, the synthesis tensor is 

’ 2 3 4 


23.52 


(e) Or as another example, in order to maintain the voltages E2 
across the loads constant, it is necessary to keep by equation 23.10 
the admittance of axis 3, namely Y*?"’, constant in the presence of the 
inactive junction-pair axes 4. Hence 


v2 3 4! 


where 6 is the ignored compound mesh axis. 

(f) Let it be assumed that all the inactive meshes of the previous 
network contain impressed voltages e2 so that the voltage vector e 
before and after the transformation C, (equation 23.48) is 


1’ 


e, + Cir -ee 
ar 23.55 
2 2! | Coes 
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(g) The second criterion (equation 23.16) is by equation 23.54 and 
23.49 
@; = @f — Zia*Zo2 en = 
@1 + Cir-e2 — (212-C2 + Cir +2223) -CZ7* +2921 CZ? (CZ en) 


= @1 — Z12°Zo0!*e2 23.56 


Hence the previous synthests tensors are valid also tf the inactive 
meshes or junction-pairs contain impressed voltages or currents, that 1s, 
they keep both the input 1mpedances and input voltages of active networks 
anvariant. 

(h) A special case of the simpler synthesis tensor of 23.48 (without 
including the junction-pair axes 3) has been established by Cauer. 
In the synthesis tensor of Cauer: 

1. The components of C,, namely C? and C2, may contain only 
real numbers. 

2. The network is symmetrical, that is, it contains only lumped 
resistances, inductances, and elastances. 

3. The network is passive. 

The limitations of Cauer’s synthesis tensor are due to the fact that 
it was not established by keeping a “‘criterion of performance,” namely, 
the input impedance 2:1; —Z12°Z99 °Z21, invariant, but it was established 
by keeping three real quadratic forms simultaneously invariant. These 
three real quadratic forms are i-r-i, i-l-i/2, and i-s-i/2 of mesh net- 
works. 

It should be noted that in general no quadratic (or hermitian) 
forms are associated with the networks considered in this chapter, since 
they are not necessarily stationary symmetrical networks. 


XVII. THE ‘‘ PRIMITIVE” SYNTHESIS TENSOR 


(a) The synthesis tensor C, changes z; (or Y'’) of a network to 
z (or Y?’) of another network having the same performance. Since the 
components of both z; and z, represent the self- and mutual impedances 
of several coils connected into closed or open meshes, it is quite awk- 
ward to determine from them the impedances of the tmdividual coils. 

A synthesis tensor C, may be established between the individual coils 
of two networks instead of between their meshes or junction-patrs. That 
is, it is possible to find immediately the self- and mutual impedances 
of the individual coils of the second network in terms of those of the 
first network with the aid of C,. This additional step is quite impor- 
tant since it is much easier to examine the self and mutual impedances 
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of individual coils for, say, their physical realizability, than the self 
and mutual impedances of whole meshes, open or closed. 

(b) C, of the individual coils may be found from Ci of the meshes 
(established in the previous sections) by the following steps. Let: 


1, C; = transformation tensor of the original network changing 
Z, to Zi by CieeZ1°Cy = Zi. 

2. C2 = transformation tensor of the new network changing Ze 
to Z, by Co,°z°Cy = Zo. 

3. C, = network synthesis tensor transforming z; to Zz: by 
Crez1°C, =z. It is assumed to be known. In general it has a 
singular matrix. 

4. C, = primitive synthesis tensor (to be determinec) transform- 
ing Z1 tO Zo by Ci zi°C, == Zy. 

Since the two networks have different number of coils, C; and C2 have 
different number of rows and columns. 


Substituting 1 and 2 into 3: 
Cre (CierZ1Ci) Cy = Ca,-22+Ce 
Transferring C3, and Cz to the left-hand side 
Cop Cop Cyy221°Cy-CL-Cy* = 2, 


By comparison with 4 the individual synthesis tensor C, transforming 
Z1 to Z2 is found from the original synthesis tensor C, by 


C, = C1-C,-Cz! 23.57 


where C, is the transformation tensor of the first network and C_ 1s that 
of the new network assumed. 

Since the inverse of the transformation tensor Ca is needed in 
calculating C, each network is assumed as a completely orthogonal net- 
work in establishing its C,. 

(c) In changing Y' to Y? each C is replaced by C;~' so that 


Cyr) = Cyr'-Ci'-Cy, or A. = A,-Aj-Ag? 23.58 


ot 


(d) If it is not intended to change the network itself, but only the 
impedances of the individual coils, then C2 = C;. That is, the tmped- 
ances of the individual coils of any network Cy may be changed by the 
transformation tensor 


23.59 


without changing the performance characteristic of the network. 


616 THE SYNTHESIS OF NETWORKS 


Of course, each coil itself may be a compound coil representing a 
whole network. 


XVIII. EXAMPLE OF TWO EQUIVALENT NETWORKS 


(a) Let three coils with asymmetrical mutual impedances be given, 


(a) (b) (c) (d) 
Fic. 23.8.—First Network with Three Coils 


forming two meshes and one junction-pair (Fig. 23.82). As a complete 
network its C and C~! are 
ly 21 31 


Cy) = 2) 23.61 


When viewed from e, this network has a certain impedance Z}. 
(b) Now let another network of Fig. 23.9 be given in which four 


Fic. 23.9.—Second Network with Four Coils 


coils are arranged arbitrarily to form two meshes and two junction- 
pairs. (Each coil of course may represent the equivalent impedance of 
a whole network). As a complete network its C and C~—! are 


lo 22 32 4 


- 23.62 
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The problem ts to find the self- and mutual impedances of the four 


cotls of the second network Z2 in terms of the three coils of the original 
network 21 1, 2 32 4s 


23.64 


so that both networks should have the same input impedance when viewed 
from the impressed voltage e,. 

(c) The impedance tensor z; of the original network (not estab- 
lished) may be multiplied by the synthesis tensor C, of equation 23.51 


le 22 32 49 


23.65 


where the component k’s are any real or complex numbers or operators, 
giving the impedance tensor z, of the new network (not established). 

Let the above C, be changed to an individual synthesis tensor C, 
changing the mpedances of their primitive networks (namely, changing 
z, to Z2) by equation 23.58. Hence by C,-C,-Cz! = 


ke+k7-+ks 


23.66 


in which the k’s are arbitrary quantities. 
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(d) The impedance tensor Z2 of the primitive network of Fig. 23.9 
is by Cy,°z1°C, = 22 = 
lo 22 3e 4o 


Ku(KiZutKsZ1) + Ku(Ke2Z+KeZu) +- Ky(KsZn+K1Z12) Ki:(KsZ11+-KsZ12) 
Ky(K 1221+ KsZo2) + K5(K2Za1+ KeZ22) + K5(K3Zo1+ K7Z22) K5,(KsZe1+KsZe2) 
Ko:K Zs Ko:K 19233 KoK11Za3 Ko:K12Z33 


K2(KiZu+ KZ) + Ky (KeZut+KeZu) +|Ka(KsZn+KrZ12) Ko(KiZu + KeZ12) 
Keo(K1Z01-+K5Zo2) + Ke:(K2Za1 + KeZ22) + Ke (K3Ze1+-K7Z22)|Ken(K4Z21 + KaZ22) 
KipKoZ33 Ki K 10Z33 KK11Z33 KioK12Zs3 


Ky(KiZu+KiZu) + Ky (KoZu +KeZ12) +|K3e(K3Z11+K7Z12)\Kai(K4Z11+KsZ12) 
Ku(K12Z91+KeZoa) +/K7,(KoZ01+-KeoZ02) +1/K71(K3Z01 + K7Z00)|K7(KeZ01 + KZ22) 
KiuKsZss KiuK1wZss KiuKuZss KinK12Z¢s 


Ka (KiZ1+KeZ13) 
Kg(KiZa1 + KeZe2) 
KK 19Z33 


lo 


29 


32 


Kq(KiZu+KsZ) + Ku(KaZu +KeZ19) +1\Ka(K3Z11+K7Z19) 
Kg(K1Ze1+KsZ22) + Ker(KoZar +KeZ22) + Ka(KsZa1 +K7Z22) 
KiuKoZss KjK 10233 Kj K11Z33 


4, 


23.67 


This matrix represents the values of the self- and mutual impedances 
of the four coils of Fig. 23.9 1n terms of the three coils of Fig. 23.8. 

The various k’s are so selected arbitrarily that the four coils should 
be physically realizable. Of course some of the k’s in C, may be 
assumed to be zero, while the diagonal k’s may be assumed unity. 

It should be expressly noted that the second network (having the 
same input impedance as the original network) has been established 
without calculating the impedance matrix or the criterion of perform- 
ance or the input impedance of either network. By simply knowing 
the tndividual synthesis tensor C, of equation 23.66, 14 can be foretold 
without any additional calculations that the two networks of Figs. 23.8 
and 23.9 have the same input impedance when viewed from e}. 


XIX. THE PHYSICAL REALIZABILITY OF COILS 


As tentative steps in the determination of the arbitrary k’s, the 
following may be mentioned: 

1. The first condition of the realizability of coils is that the various 
mutual inductances in equation 23.67, namely, the non-diagonal 
components, should be of the form +jX. This condition puts several 
limitations upon the arbitrary values of the k’s in terms of the Z2’s. 

2. It may be required that some or all of the mutual inductances 
should be zero. This requirement restricts the arbitrariness of the 
various k’s still further. 


THREE SETS OF QUANTITIES OF NETWORK SYNTHESIS 619 


3. Another condition is that the mutual inductances must be 
smaller than the self-inductances. This condition puts upper and lower 
limits upon the values of the k’s. 


XX. THE THREE ARBITRARY SETS OF QUANTITIES OF 
NETWORK SYNTHESIS 


(a) When the criterion of performance has been established for 
some desired network characteristics, but no network is as yet available 
whose constants satisfy the criterion, zt 1s just as well to assume the 
primitive network with any arbitrary number of coils us the starting point 
and establish (on paper) the constants of the primitive network with- 
out paying any attention to its realizability. Most of its constants 
may be assumed arbitrarily; the rest must be so selected that ihey 
satisfy the criterion. If the network performance 1s to be independent of 
frequency, the primitive network serving as a starting point may contain 
only resistances. 

For instance, to maintain constant load currents the criterion that 
has to be satisfied by the coils is from equation 23.3 
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Hence if the admittance tensor Y of the primitive network is divided 
into 42 = 16 component tensors (one of the four groups being the 
ignored meshes), fifteen of the tensors may be selected arbitrarily while 
the diagonal tensor Y?? has to satisfy this last equation. 

(6) On these arbitrary tensors two other arbitrary operations 
may be performed. 

1. The coils may be interconnected into any arbitrarily selected 
network by a non-singular C. 

2. The tensors may be multiplied by the synthesis tensor C;, 
whose component tensors are mostly arbitrary. 

(c) Hence, to find a network with a prescribed performance character- 
istic, three arbitrary sets of quantities have to be given definite values; 

1. The arbitrary components of the impedance tensor of the 
originally assumed primitive network, satisfying the “‘criterion of 
performance.”’ 

2. The components of the transformation tensor of any arbitrary 
selected network showing its manner of interconnection, etc. 

3. The arbitrary components of the synthests tensor. 

The value of these arbitrary quantities is fixed by the conditions of 
realizability of the coils and by economic factors. 
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Contravariant, indices, 174 
vector representation of, 199 
Correspondence of path, 214 
Covariant, indices, 174 
vector representation of, 203 
Criterion, of oscillation, 399 
of performance, definition of, 592 
of constant differences of potential, 
597 
of constant load currents, 594 
of constant load voltages, 597 
of equal input impedance, 599 
of active networks, 600 
of equal input or output admittance, 
601 
Current, branch, 146 
compound, 499 
equation of, 83, 459 
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property, 271, 276 
semi-, 273, 607 
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theory of, 270 
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doubly compound, 228 
dummy, 23 
fixed, 8 
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individual, 217, 238 
lower, 174 
manipulation of, 44 
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tensor, 349 
unbarred, 345 
upper, 174 
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transformation tensor, 483, 501 
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definition of, 185 
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summary of analysis of, 363 
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active, 422 
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skew-symmetric, 42 
symmetric, 41 
transpose of, 38 
unit, 5 
Mechanical networks, 436 
Mesh, 75 
closed, 74 
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representation of, 539 
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Multiply compound tensor, 227 
Multiwinding transformers, 158, 339, $87 
Mutual impedance tensor, 491 


Networks, 72 
active, 251 
all-junction, 355 
all-mesh, 93 
analytical units of, 79 
asymmetrical, 331, 388 
basic equations of, 480 
building blocks of, 73 
change in, 578 
complete, 423 
compound, 482 
dielectric, 443 
distribution, compound, 575 
dualism of, 444 
efficiency of, 476 
electric, 436 
equivalence of, 434 
functional subdivision of, 484 
interconnection of, 389 
interlinked, 447 
interrelated, 447 
junction, 81 
magnetic, 440 
mechanical, 436 
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Networks, mesh, 81 

non-singular, transformation of, 430 

orthogonal, 107 

passive, 252 

physical subdivision of, 492 

primitive, 86, 89, 497 

reduction of, 486 

reference, 85, 111, 143, 431 

stationary, 49 

sub, 79 

symmetrical, 49 

thermodynamics of, 475 

transformation uf any two, 431 

types of, 84 

unilateral, 389 

with zero design constants, 460 
Nomenclature, 79, 491 
Non-commutative algebra, 21 
Non-holonomic transformation, 181 
Non-homogeneous medium, 438 
Non-invariant transformations, 194 
Non-linear systems, 379 

admittance tensor of, 385 

interconnection of, 389, 558 
Non-singular transformation, 119, 428 
Non-tensor geometric objects, 188 
Notation, direct, 7, 37 

index, 7, 37 

matrix, 12, 176 
Null-matrix, 5 
n-\Way matrices, 3 

addition of, 14 

differentiation of, 31 

division with, 29 

integration of, 33 

multiplication ot, 79 

occurrence of, 34 

of stationary networks, 35 

order of, 37 


Object, 67 
Open-circuit admittance tensor, 378, 491 
Open circuit of coils, 128 
Open delta, 509 
Open mesh, 76 
Operators, linear, 48, 74 
Orientation, 75, 206, 213 
Orthogonal, equations, of current, 427 
of voltage, 421 
networks, 407 
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Orthogonal, networks, example of, 417 
summary of analysis of, 415, 426 
subspaces, 209 


Parallelism, 479 
Part windings for synchronous motor 
starting, 318 
Permeability, 437 
Permeance tensor, 440 
Permutations, 164, 502 
Per-unit system, generalization of, 462 
Phase-shift transformer, 339 
hexagonal autotransformer, 344 
Pole and polar of ellipse, 473 
Postulate, generalization, first, 47 
second, 67, 543 
third, 70, 189 
Power, 100, 326 
equations of, 455 
flow into loads, 585 
invariance of, 101, 357, 414 
more general definition of, 325 
representation of, 207 
series, 53 
Primitive, compound network, 497 
junction network, 89 
mesh network, 86 
synthesis tensor, 614 
system, 85 
transformer, 281 
tube, 379 
winding, 297 
Pseudo-tensor, 351 


Quadratic forms, 456 
Quadric surface, 471 


Raising of indices, 465 
Rank of matrix, 268 
Reactance, air-gap, 302 
calculation, of capacitor motor wind- 
ings, 308 
of double winding for turbo-alter- 
nator, 310 
of individual coils, 301 
of neighboring coils, 298 
of part windings, 318 
of standard three-phase, 309 
differential-leakage, 301 
end-leakage, 304 
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Reactance, fundamental, 301 
harmonic, 301 
slot-leakage, 303 
Recombination of invariant equations, 
240 
Reduction, formulas, of admittance, 378 
of current, 378 
of impedance, 244, 247 
of voltage, 244,249 
of junction networks, 486 
of mesh networks, 488 
of orthogonal networks, 489 
to diagonal form, 332 
Reference axes, 198, 408 
curvilinear, 477 
hypothetical, 141, 328 
mixed, 536 
multiple, 538 
rectangular, 201 
rectilinear, 198 
time, 542 
transformation of, 204, 214 
Reluctance tensor, 440 
Reluctivity, 437 
Representation, of contravariant vector, 
199 
of covariant vector, 203 
of metric tensor, 471 
of multiple tensors, 539 
of n-matrices, 9 
of power, 207 
of symmetrical components, 338 
Resistance tensor, 438, 452, 479 
Resistivity, 437 
Response quantities, 76, 410 
Resultant systems, 136 
Riemann-Christoffel curvature tensor, 
193 
Rotating machines, 65 


Scalar, definition of, 188 
Secular equation, 468 
Self-impedance tensor, 491 
Sequence, axes, 328 
impedance tensor, 330 
tensor, 327 
Sets, 2 
Short-circuit, currents, 589 
impedance, 244 
Short-circuited coils, by brushes, 171 


Sign conventions, 107 
Simultaneous equations, 266 
Singular transformation, 119, 366 
Skew-symmetric matrix, 42 
Spaces, affine, 199 

Euclidean, 200 

interconnected, 211 

linear, 199 

local, 477 

n-dimensional, 199 

orthogonal sub-, 209 

points of, 206 

tangent, 478 

transformation of, 214 

underlying, 477 

unitary, 202 
Spin indices, 553 
Spinor, 349 

transformation formula of, 327, 349 

weighted, 351 
Star-mesh transformations, 261 
Structure of a space, 208 
Subdivision, of complex problems, 278 

of compound tensors, 256 

of linear equations, 229 

of networks, 

functional, 484 
physical, 492 

of quadratic equations, 238 

of tensors, 217 

of transformation tensor, 279 
Sub-network, 74 
Subspace, orthogonal, 209 
Summation convention, 23 
Symmetrical, components, 328, 511 

matrix, 41 
Synthesis tensor, definition, 592, 602 

establishment of, 603 


for constant differences of potential, 


610 
for constant output current, 604 
for equal input impedance, 613 
for unvarying output current, 609 
primitive, 614 


Tangent spaces, 478 
Taylor series, 544 
complex, 549 
inverse of, 554 
Tensor, acceleration, 192, 467 
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Tensor, admittance, 105 


amplification, 547 
analysis, 62, 71, 207 
associated, 466 
of design constants, 466 
of eletromagnetic quantities, 467 
basic, 382 
capacitance, 444 
coil, 501, 508 
conipound, 216 
conductance, 438, 452 
connection, 275, 434 
definition of, 187 
der sity, 351 
derived, 382 
displacement, 444 
distortion, 547 
elastance, 444 
electric charge, 444 
electromotive force, 443 
electrostatic flux, 443 
equations, 188 
flux-linkage, 449 
force, 192, 467 
impedance, 104, 491 
in physical problems, 188 
inductance, 449 
junction, 501 
leakage cofficient, 491 
leakage impedance, 491 
magnetic flux, 439 
magnetizing force, 439 
magnetomotive force, 449 
metric, 463 
mixed, dual, 476 
modulation, 547 
momentum, 467 
multiple, 538 
multiply compound, 227 
non-singular transformation, 928 
permeance, 440 
pseudo, 351 
reluctance, 440 
resistance, 452, 479 
Riemann-Christoffel curvature, 193 
sequence, 327 
impedance, 330 
singular transformation, 119, 366 
susceptance, 449 
synthesis, 592, 602 
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Tensor, transformation, 69, 98, 452 
turn-ratio, 449, 512, 519 
unit, 103, 605 
velocity, 192 
weighted, 350 
Tetrode circuit, 387, 400 
Thermodynamic potential, 476 
Thermodynamics of networks, 475 
Thévenin’s theorem, generalization of, 
252, 587 
Time, 191 
Topology, 207, 211, 213 
Torus, 212 
Transformation, affine, 180, 275 
changing number of turns as, 159 
complex, 326 
constraints as, 119, 157, 368 
formula, of admittance tensor, 182 
of current vector, 99 
of geometric objects, 187 
of impedance tensor, 104, 327, 353 
of individual admittance tensor, 131 
of intermediary objects, 183 
of mixed impedance tensor, 469 
of power, 101, 327, 352 
of pseudo-tensors, 351 
of tensors, 182 
of transformation tensor, 184 
of voltage vector, 102, 327, 352 
of weighted spinors, 352 
of weighted tensors, 351 
fractional, 158 
functional, 180 
holonomic, 181 
integer, 173 
invariant, 141 
linear, 180, 275 
a-mesh networks, 142 
non-holonomic, 181 
non-invariant, 194 
of branch currents, 146 
of intermediary geometric objects, 183 
of junction-pairs, 370 
of mesh networks, 142 
of opening of circuits as, 162 
of patlts, 215 
of points, 206 
of reference frames, 209, 214 
of space structures, 214 
permutations as, 164 
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Transformation, rational, 158, 275 
real, 275 
spinor, 327, 349 
star-mesh, 261 
tensor, 69, 98 
compound, 496 
definition of, 69, 98 
fault, 521 
individual, 501 
non-singular, 428 
physical interpretation of, 172, 373 
singular, 118, 366 
three-phase, 501 
Transformer, auto-hexagon, forked, 284 
phase-shift, 344 
compound, multiwinding, 517 
load-ratio control, 286 
multiwinding, 280 
phase-shift, 339 
primitive, 281 
two-winding, 161 
unbalanced inscribed delta, 290 
Transpose of 2-matrix, 38 
Traveling waves on multiconductors, 50 
Tree, 213 
Triode, compound, 572 
constants of, 387, 402 
mesh network of, example, 403 
simplified representation of, 405 


Ungrounded star, 509 
Unified field theory, 241 
Unit, element, 272 
ellipse, 470 
matrix, 5 
tensor, 103, 605 
vector, 70, 198, 204 


Valence, 68, 183 
Vandermonde determinant, 333 
Variables, basic, 451, 461 
contravariant, 192, 409, 451 
covariant, 409, 451 
derived, 451, 461 
elimination of, 59, 242, 485 
independent, 461 
selection of, 139 
Vector, contravariant, representation of, 
199 
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Vector, covariant, representation of, | Weighted, spinor, 351 


203 tensor, 350 

definition of, 188 Winding, capacitor motor, 308 
direction of, 479 direct current, 169 
magnitude of, 472 double for turbo-alternator, 310 
unit, 70, 198, 204 impedance tensor, 297 

Voltage, equation of, 82, 453 part, for synchronous motor starting, 
impressed, 77 318 
junction, 78 primitive, 297 
mesh, 153 standard three-phase, 304 
open circuit, 162 Withdrawn current, 78, 453 
response, 78 


unbalanced, in d-c. windings, 293 Zigzag connection, 339, 502 
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